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Introduction 

Background.  Prostate  cancer  (CaP)  undergoes  apoptosis  and  regression  following  androgen 
deprivation  but  recurs  despite  the  absence  of  testicular  androgens.  Many  investigators  are 
comparing  androgen-dependent  (early)  CaP  to  androgen-independent  (late)  CaP  in  clinical 
specimens  or  cell  lines  using  molecular  approaches.  These  experiments  may  uncover  many 
genes  whose  expression  is  altered,  only  a  few  of  which  are  critical  for  the  development  of 
androgen-independent  growth.  We  are  studying  a  human  CaP  xenograft,  CWR22,  that  retains  the 
biological  characteristics  exhibited  by  most  human  CaPs,  including  regression  following 
castration  and  recurrence  several  months  after  the  removal  of  androgen  (recurrent  CWR22).^'^ 
The  recurrent  xenograft  provides  an  opportunity  to  investigate  the  mechanism(s)  responsible  for 
the  recovery  of  proliferative  capacity.  Preliminary  studies  have  identified  transcripts  using 
differential  expression  analysis  that  are  down  regulated  in  androgen-withdrawn  CWR22  but  up- 
regulated  in  recurrent  CWR22  despite  the  continued  absence  of  androgen.  We  are  using  an 
approach  developed  for  identification  of  androgen-regulated  genes  to  identify  genes  that  may  be 
uniquely  associated  with  cellular  proliferation  in  the  absence  of  androgen. 

Scope  of  Research.  Additional  gene  products  uniquely  associated  with  cellular  proliferation  were 
sought  by  comparison  of  CWR22  tumors  that  exist  in  androgen  absence  but  differ  in  proliferative 
capacity.  cDNA  libraries  from  20  day  castrate  mice  bearing  CWR22  tumors  (proliferation 
undetectable)  and  recurrent  CWR22  (proliferative  rate  similar  to  androgen-dependent  CWR22) 
were  studied  using  cDNA  library  subtraction  to  evaluate  the  possibilities  that  proliferation  is 
triggered  by  either  gain  of  function  (gene  expression  elevated  in  recurrent  CWR22  relative  to  20 
day  castrate  CWR22)  or  loss  of  suppression  (gene  expression  elevated  in  20  day  castrate  CWR22 
relative  to  recurrent  CWR22). 

Purpose:  Genes  that  are  directly  associated  with  the  onset  of  cellular  proliferation  in  androgen 
absence  may  be  targeted  using  gene  therapy  approaches  to  prevent  the  development  of  androgen- 
independence  or  kill  androgen-independent  cells. 

Body 

Aim  1)  Identify  genes  that  are  differentially  expressed  in  the  absence  of  androgen  in 
dormant  versus  proliferating  tumors  in  the  CWR22  model. 

CWR22  tumors  were  obtained  from  mice  20d  after  castration  (n=4),  20d  castrate  mice  treated 
with  48h  testosterone  propionate  (TP)  (n=4)  and  mice  5  months  after  castration  (recurrent 
CWR22)  (n=6).  Total  RNA  was  isolated  and  poly  (A)  RNA  was  purified  using  the  Oligotex 
mRNA  Midi  Spin-Column  Protocol  (Qiagen).  Three  subtractive  hybridizations  were  performed: 
a  subtraction  to  identify  genes  overexpressed  in  recurrent  CWR22  compared  to  20d  castrates,  a 
subtraction  to  identify  genes  suppressed  in  recurrent  CWR22  compared  to  20d  castrates  and  a 
control  subtraction,  using  the  PCR-Select  cDNA  Subtraction  Kit  (Clontech).  PCR  products  from 
the  subtracted  cDNA  libraries  were  ligated  into  the  pGEM-T  Easy  Vector  System  11,  a  TA 
cloning  system  (Promega  Corp)  and  transformed  into  JM109  high  efficiency  competent  cells 
(Promega).  Transformed  cells  were  plated  on  LB/AMP/XGAL/IPTG  plates.  Plasmids 
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containing  inserts  were  identified  using  blue/white  screening.  DNA  was  prepared  from  white 
colonies. 

Multiple  duplicate  slot  blot  membranes  were  prepared,  lug  of  poly  (A)  mRNA  from  the  20d 
castrate  CWR22  and  recurrent  CWR22  was  radiolabeled  as  first  strand  cDNA  by  random 
priming  with  ^^P-dCTP,  heat  denatured,  mixed  with  hybridization  solution  at  10  cpm/pl,  and 
hybridized  to  duplicate  membranes  at  68°C  overnight.  After  hybridization  and  washing, 
membranes  were  exposed  to  X-ray  film  with  an  intensifying  screen  at  -80°  C  for  Ih. 
Autoradiographs  of  duplicate  blots  hybridized  to  recurrent  CWR22  and  20d  castrate  CWR22 
probes  were  then  analyzed  to  identify  genes  differentially  hybridized  to  the  two  probes.  A  total 
of  1057  clones  were  examined  by  doing  two  screenings  of  both  libraries.  The  inserts  were 
sequenced  and  BLAST  searched.  For  details  regarding  collection  of  research  specimens, 
identification  of  differentially  expressed  genes  using  subtractive  hybridization,  estimation  of 
subtraction  efficiency,  cloning  and  slot  blot  analysis,  see  first  annual  report. 

Eleven  candidate  genes  were  identified: 

1)  a  human  chromosome  3  gene  that  encodes  arginine-rich  protein  that  has  been  found  to  be 
mutated  in  many  CaP  tumors;^ 

2)  thioredoxin-binding  protein  2  (TBP2)  also  known  as  vitamin  D-upregulated  1  (VDUPl) 
genef 

3)  translation  elongation  factor  1  alpha  (EF-la)  which  has  a  truncated  homologue  in  prostate 
cancer  known  as  prostate  tumor  inducing  gene-1  (PTI-1);^ 

4)  Mxil,  a  transcriptional  regulator  from  the  Myc  family,  that  has  been  shown  to  be  expressed 
in  prostate  tumors;^ 

5)  carcinoembryonic  antigen  (CEA)  that  has  been  shown  to  be  elevated  in  the  plasma  of 
approximately  one-half  of  androgen-independent  prostate  cancer  patients; 

6)  a  human  alpha  1  gene  sequence  with  homology  to  sperm  antigen-36; 

7)  a  novel  EGF-like  molecule  known  as  tomoregulin;^ 

8)  MHC  class  III  gene; 

9)  tRNA  synthetase; 

10)  an  unknown  gene  on  human  chromosome  22;  and 

11)  ribosomal  protein  SI 0. 

Northern  blot  analysis  using  intact  CWR22,  20  day  castrate  CWR22,  20  day  castrate  CWR22  + 
TP  48h  and  recurrent  CWR22  mRNA  was  used  to  1)  confirm  differential  expression  between  20 
day  castrate  CWR22  and  recurrent  CWR22  and  2)  distinguish  androgen  regulation  and 
proliferation  association.  DNAs  from  the  11  candidate  genes  were  amplified  with  T7/SP6 
primers  (Promega)  using  thermal  cycling  conditions  95°C  for  8  min,  94°C  for  1  min,  46°C  for  1 
min  and  72°C  for  1  min  30  sec  for  30  cycles  followed  by  a  10  minute  extension  at  72°C.  PCR 
products  were  purified  using  microspin  filter  tubes  (Whatman,  Markson,  WA).  10  //g  of  total 
RNA  from  intact  CWR22,  20  day  castrate  CWR22,  20  day  castrate  CWR22  +  TP  48h  and 
recurrent  CWR22  were  glyoxylated  and  fractionated  through  1%  agarose  gels  and  transferred  to 
Biotrans  nylon  neutral  membrane  (ICN  Biomedicals,  Inc,  Aurora,  OH).  12.5  ng  purified  insert 
DNA  was  labeled  with  [^^p]-dCTP  (Amersham  Corp.,  Arlington  Heights,  IL)  using  the  random 
prime  labeling  kit  (Boerhringer  Manheim,  Indianapolis,  IN).  Membranes  were  hybridized  in 
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aqueous  solution  (5x  SCC,  5x  Denhardt’s  solution,  1%  SDS  and  lOOug/ml  salmon  sperm  DNA) 
overnight  at  68°C.  After  washing  at  50°C  for  Ih  in  O.lx  SSC,  0.1%  SDS,  the  membranes  were 
exposed  to  X-ray  film  (Eastman  Kodak  Co.,  Rochester,  NY)  with  an  intensifying  screen  at  - 
80°C. 

Mxil,  EFla,  tomoregulin,  human  al  gene  sequence  with  homology  to  sperm  antigen  36  and 
human  ribosome  SIO  were  proliferation-associated  and  not  androgen-regulated  whereas  MCH 
class  III,  tRNA  synthetase,  thioredoxin-reductase  were  both  proliferation-associated  and 
androgen-regulated.  RNAs  increased  1  fold  (MHC  class  III,  tRNA  synthetase,  human  al  gene 
sequence  with  homology  to  sperm  antigen  36),  2  fold  (Mxil)  or  many  fold  (tomoregulin)  or 
decreased  to  50%  (EFla,  human  ribosome  SIO)  or  25%  (thioredoxin-reductase)  when  recurrent 
CWR22  tumors  were  compared  to  20  day  castrate  CWF^2  tumors.  MCH  class  III  and  tRNA 
synthetase  RNAs  increased  two  fold  and  thioredoxin-reductase  RNA  decreased  when  20  day 
castrate  CWR22  tumors  were  stimulated  with  48h  TP. 

Key  research  accomplishments: 

•  CWR22  tumors  from  20  day  castrate  mice,  20  day  castrate  mice  +  TP  48  h  and  5  month 
castrate  mice  (recurrent)  have  been  obtained  and  RNAs  prepared. 

•  Constructed  cDNA  library  from  pooled  poly  A  RNA  from  CWR22  tumors  from  20  day 
castrate  mice  and  recurrent  CWR22  tumors.  Northern  blots  from  CWR22  tumor  RNAs  were 
generated. 

•  Compared  cDNA  libraries  from  20  day  castrate  CWR22  (non-proliferating  tumor  in 
androgen  absence)  and  recurrent  CWR22  (proliferative  tumor  in  androgen  absence)  tumors 
using  subtractive  hybridization. 

•  Identified  1 1  candidate  genes  that  were  differentially  expressed  in  the  absence  of  androgen  in 
dormant  (20  day  castrate  CWR22)  versus  proliferating  (recurrent  CWR22)  tumors  in  the 
CRW22  model. 

•  Confirmed  8  candidate  genes  that  were  associated  with  proliferation  of  which  3  were 
androgen-regulated  and  5  were  not  androgen-regulated  using  northern  analysis  of  CWR22  20 
day  castrate,  testosterone  boosted  and  recurrent  CWR22  mRNA  and  labeled  cDNA  as 
probes. 


Aim  2)  Relate  the  onset  of  expression  of  androgen-regulated  genes  identified  in 
preliminary  studies  and  proliferation-associated  genes  identified  in  Aim  1  to  the  onset  of 
androgen-independent  proliferation  using  the  CWR22  model 

The  expression  of  previously  identified  androgen-regulated  genes  was  characterized.  The  RNA 
expression  of  NKX3.1,  PSA,  hK2,  a-enolase,  a-tubulin  were  described  previously. Using 
Northern  blotting.  Western  blotting  and  immunohistochemistry,  IGFBP-5  was  found  androgen- 
regulated  in  CWR22  tumors  and  was  more  highly  expressed  in  CaP  as  compared  to  BPH  or 
PIN.^^  Using  these  same  techniques,  androgen  regulation  of  cell  cycle  proteins  CDKl  and 
CDK2,  cyclins  A,  B1  and  Dl,  and  the  cyclin-dependent  kinase  inhibitors  p21  and  p27  was 
demonstrated.^®  The  same  approach  used  to  identify  androgen-regulated  transcripts  was 
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employed  for  characterization  of  genes  identified  in  Aim  1  and  demonstration  of  their 
expression  in  association  with  proliferation  in  CWR22  tumors. 

CWR22  tumors  were  harvested  from  mice  castrated  for  2,  6,  12,  14,  20,  30,  60,  80,  90,  98,  105, 
115,  120,  and  150  days  and  from  6,  12  and  20  day  castrate  mice  treated  with  48h  testosterone 
propionate  (TP).  Serum  prostate-specific  antigen  (PSA)  levels  have  been  determined  for  all  mice 
at  the  time  of  sacrifice  and  tumor  harvest.  Tissues  were  frozen  at  -80  °C  until  use. 

Image  analysis  of  immunodetected  Ki-67  proliferation  antigen  in  paraffin  sections  of  CWR22 
tumors  was  performed  to  determine  precisely  the  onset  of  cellular  proliferation  in  CWR22 
tumors  after  castration.  Previously,  the  essential  criteria  of  immuno staining  were  examined  to 
establish  a  linear  relationship  between  AR  protein  content  and  mean  optical  density  (MOD)  of 
the  immunoperoxidase-substrate  reaction  product.*^  Our  image  analysis  method  was  modified  to 
automatically  quantitate  Ki-67  proliferation  antigen  in  formalin-fixed,  paraffin-embedded 
sections  of  CWR22  tumors  to  determine  precisely  the  time  of  onset  of  proliferation  in  CWR22 
tumors  after  castration.  IHC  of  Ki-67  in  paraffin  sections  of  CWR22  tumors  followed  by 
quantitation  of  positive  cells  by  automated  video  image  analysis  revealed  that  cellular 
proliferation  is  not  detected  by  image  analysis  until  120d  after  castration  when  IHC  revealed 
multiple  foci  of  proliferating  cells.  PSA  increased  120d  after  castration  (21.3  ±4.1  vs.  11.1  ± 
1.8  ng/ml  at  90d,  /?=0.01)  and  these  foci  expressed  increased  levels  of  PSA  when  adjacent 
sections  were  stained  for  Ki-67  and  PSA.  The  appearance  of  proliferating  tumor  cells  that 
expressed  androgen  receptor  and  PSA  120  days  after  castration  indicated  that  these  foci  likely 
were  precursors  of  recurrent  tumors. 


Of  the  8  candidate  genes  from 
Aim  1,  2  were  expected  to  be 
associated  generally  with  growth 
(ribosomal  protein  SIO,  tRNA 
synthetase),  1  was  conceptually 
unlikely  (MHC  class  III  gene),  1  has 
only  partial  sequence  known  (a  human 
alpha  1  gene  sequence  with  homology 
to  sperm  antigen-36)  and  antibody  is 
not  available  for  the  Mxil  gene  product 
(personal  communication  from  HP 
Koeffler)  or  thioredoxin-binding 
protein  2  /  vitamin  D-upregulated  1 
gene  (personal  communication  from  M 
Matsui).  Antibodies  were  obtained  for  3  candidate  gene  products:  tomoregulin  from  Choitsu 
Sakamoto,  M.D.,  Ph.D.,  Nippon  Medical  School,  Japan  via  collaboration  and  EF-la  and 
thioredoxin  reductase- 1  (the  only  member  of  the  TBP2/VDUP1  family  that  was  interesting  due 
to  a  growing  body  of  evidence  that  suggests  oxidative  stress  may  have  a  role  in  CaP 
carcinogenesis)  from  Upstate  Biotechnology,  Lake  Placid,  NY. 

Lysates  were  prepared  from  frozen  CWR22  tumors  at  the  time  points  described.  Tumor  tissue 
(lOOmg)  was  pulverized  in  liquid  nitrogen,  allowed  to  thaw  on  ice,  and  mixed  with  1.0  ml  of 


Days  after 
castration 

No.  of 
Tumors 

%  Ki-67 
±SE 

PSA  (ng/ml) 
±SE 

CWR22 

12 

73.5  ±4.4 

246.7  ±55.3 

1 

2 

56.9  ±7.5 

2 

4 

26.1  ±5.6 

169.0  ±53.7 

4 

2 

9.4  ±8.1 

6 

6 

0.8  ±0.5 

109.9  ±76.3 

12 

6 

0.3  ±0.3 

18.8  ±  10.8 

32 

4 

0.1  ±0.3 

5.6  ±4.1 

64 

2 

0.4  ±0.2 

90 

4 

0.8  ±0.5 

11.1  ±1.8 

120 

4 

3.3  ±1.2 

21.3  ±4.1 

CWR22 

12 

49.1  ±7.4 

261.5  ±12.3 
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RIPA  buffer  with  protease  inhibitors  (PBS,  1%  NP40,  0.5%  sodium  deoxycholate,  0.1%  SDS, 
0.5mM  phenylmethylsulfonyl  fluoride,  lOuM  pepstatin,  4uM  aprotinin,  80pM  leupeptin,  and  5 
mM  benzamidine).  Tissue  was  homogenized  on  ice  for  30s  using  a  Biohomogenizer  (Biospec 
Products,  Inc.,  Bartlesville,  OK),  2pl  of  0.2M  phenylmethylsulfonyl  added  and  homogenates 
incubated  30  min  on  ice.  Homogenates  were  centrifuged  at  10,000xG  for  20  min;  supernatants 
were  collected  and  centrifuged  to  prepare  final  lysates.  Supernatant  protein  (lOOug)  from  each 
sample  was  electrophoresed  in  12%  SDS-polyacrylamide  gels,  electroblotted  to  Immobilon-P 
membrane  (Millipore  Corp.,  Bedford,  MA)  and  immunodetected. 

Thioredoxin-reductase  1  protein  levels  in  CWR22  tumors  decreased  on  day  6  after  castration  and 
were  increased  2-fold  by  48  h  TP  treatment  of  a  6  day  castrate  mouse.  Thioredoxin-reductase  1 
was  barely  detectable  on  days  12,  32  and  64  after  castration  but  it  was  expressed  in  recurrent 
CWR22  at  levels  similar  to  those  in  the  androgen-dependent  CWR22.  Tomoregulin  expression 
was  highest  in  androgen-dependent  and  recurrent  CWR22  tumors  and  was  increased  after  TP 
treatment  of  6  day  castrate  mice.  EF-la  protein  levels  were  reduced  on  day  12  after  castration 
and  remained  low  on  day  32  after  castration.  EFl-alpha  levels  in  recurrent  CWR22  were  similar 
to  those  in  androgen-dependent  CWR22. 

IHC  protocol  have  been  attempted  for  routinely  processed  and  frozen  tissues  for  the  3  candidate 
gene  products.  For  tomoregulin,  IHC  has  been  optimized  using  antigen  retrieval  with  AR  10 
antigen  retrieval  solution  (Biogenex,  San  Ramon,  CA)  for  30  min  in  a  vegetable  steamer. 
Primary  antibody  was  used  at  1:800  dilution  for  Ih  and  detected  with  1:200  biotinylated  anti¬ 
mouse  IgG  (Vector  Labs,  Burlingame,  CA).  Tomoregulin  expression  was  high  in  the  androgen- 
dependent  and  recurrent  CWR-22  and  undetectable  until  day  120  after  castration.  Small  foci  of 
cells  expressed  tomoregulin  that  appeared  similar  to  the  foci  recognized  previously  where 
androgen-independent  cellular  proliferation  may  begin. 

The  IHC  protocol  for  thioredoxin  reductase- 1  has  tried  95%  EtOH,  4%  paraformaldehyde  and 
acetone  fixation  of  frozen  tissues  and  AR  10,  glyca,  citra  and  trypsin  antigen  retrieval  for 
archived  sections.  Promising  results  have  been  obtained  in  standard  sections  using  citra  antigen 
retrieval.  EFla  IHC  has  not  been  successful  but  many  new  antibodies  have  become  available 
recently. 

Key  research  accomplishments: 

•  CWR22  tumors  have  been  obtained  from  mice  castrated  after  intervals  ranging  from  2  weeks 
to  5  months.  Tumors  were  collected  approximately  every  2  weeks.  Serum  PSA  levels  have 
been  determined  for  all  mice. 

•  The  onset  of  cellular  proliferation  in  CWR22  tumors  occurs  in  small  foci  of  cells 
approximately  120  days  after  castration.  These  foci  of  Ki-67  expressing  cells  also 
demonstrate  androgen  receptor  and  PSA  expression. 

•  Androgen-regulated  genes  previously  identified^'*  have  been  characterized  for  expression  in 
CWR22  tumors.  IGFBP-5  expression  was  determined  in  CWR22  and  in  CaP  from  patients.*^ 

•  Tomoregulin  expression  assessed  by  western  blot  and  IHC  was  high  in  the  androgen- 
dependent  and  recurrent  CWR-22  and  low  until  day  120  after  castration  when  androgen- 
independent  cellular  proliferation  begins. 
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Aim  3)  Characterize  the  expression  of  genes  associated  with  the  onset  of  androgen- 
independent  proliferation  in  the  CWR22  model  in  serial  prostate  biopsies  performed 
before  and  after  castration  in  men  with  advanced  prostate  cancer 

Serial  prostate  biopsy 
specimens  have  been  (14 
men)  or  are  currently  being 
collected  (5  men)  from  men 
with  advanced  CaP  (all 
tissue  acquisition  is  funded 
by  NCI-P01-CA77739). 
Specimens  (both  frozen  and 
Serum  levels  of  PSA  and  testosterone  (T)  and  tumor  Ki-67  positivity  routine)  have  been  collected 

(%  Ki-67)  of  2  men  who  underwent  serial  prostate  biopsies  prior  to  from  androgen-dependent 

and  after  castration  CaP  from  54  African 

Americans  and  152  Caucasians  treated  by  radical  prostatectomy  and  from  androgen-independent 
CaP  from  10  African  Americans  and  15  Caucasians  treated  by  transurethral  resection.  Two  sets 
of  serial  biopsies  obtained  prior  to  castration  and  at  intervals  after  castration  in  men  with 
advanced  CaP  were  examined  using  IHC  and  image  analysis  to  determine  comparability  to  our 
results  using  the  CWR22  model  (Table).  A  58yo  Caucasian  with  Gleason  grade  3+5=8 
metastatic  (T2cNxMlb)  CaP  responded  to  castration  symptomatically  and  serum  PSA  levels  and 
cellular  proliferation  decreased.  A  76yo  African  American  with  Gleason  grade  5+5=10  locally 
advanced  (T4N2Mx)  CaP  failed  to  respond  to  castration  clinically  or  by  PSA  and  cellular 
proliferation  increased  in  spite  of  castration. 

Work  to  be  completed  in  Aim  3  depended  on  work  completed  in  the  previous  two  aims.  We 
have  collected  all  necessary  tissues  to  complete  Aim  3  but  have  not  yet  characterized  fully 
candidate  gene  products  for  analysis  in  these  tissues  (although  tomoregulin  appears  to  warrant 
study). 

Key  Research  Accomplishments: 


Time  from 
Castration 

PSA 

ng/ml 

T 

ng/dl 

%Ki-67 
+  SE 

Responder 

Prior 

49 

315 

23.5  + 16.5 

1  Month 

7 

<20 

10.4+12.6 

4  Months 

2 

<20 

9.7  ±4.9 

Non 

responder 

Prior 

80 

145 

40.5  ±  12.3 

1  Month 

22 

31 

55.0  +  20.0 

4  Months 

95 

27 

72.3  ±  15.2 

Aim  1)  Identify  genes  that  are  differentially  expressed  in  the  absence  of  androgen  in 

dormant  versus  proliferating  tumors  in  the  CWR22  model. 

•  CWR22  tumors  from  20  day  castrate  mice,  20  day  castrate  mice  +  TP  48  h  and  5  month 
castrate  mice  (recurrent)  have  been  obtained  and  RNAs  prepared. 

•  Constructed  cDNA  library  from  pooled  poly  A  RNA  from  CWR22  tumors  from  20  day 
castrate  mice  and  recurrent  CWR22  tumors.  Northern  blots  from  CWR22  tumor  RNAs  were 
generated. 

•  Compared  cDNA  libraries  from  20  day  castrate  CWR22  (non-proliferating  tumor  in 
androgen  absence)  and  recurrent  CWR22  (proliferative  tumor  in  androgen  absence)  tumors 
using  subtractive  hybridization. 
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•  Identified  1 1  candidate  genes  that  were  differentially  expressed  in  the  absence  of  androgen  in 
dormant  (20  day  castrate  CWR22)  versus  proliferating  (recurrent  CWR22)  tumors  in  the 
CRW22  model. 

•  Confirmed  8  candidate  genes  that  were  associated  with  proliferation  of  which  3  were 
androgen-regulated  and  5  were  not  androgen-regulated  using  northern  analysis  of  CWR22  20 
day  castrate,  testosterone  boosted  and  recurrent  CWR22  mRNA  and  labeled  cDNA  as 
probes. 


Aim  2)  Relate  the  onset  of  expression  of  androgen-regulated  genes  identified  in 
preliminary  studies  and  proliferation-associated  genes  identified  in  Aim  1  to  the  onset  of 
androgen-independent  proliferation  using  the  CWR22  model. 


•  CWR22  tumors  have  been  obtained  from  mice  castrated  after  intervals  ranging  from  2  weeks 
to  5  months.  Tumors  were  collected  approximately  every  2  weeks.  Serum  PSA  levels  have 
been  determined  for  all  mice. 

•  The  onset  of  cellular  proliferation  in  CWR22  tumors  occurs  in  small  foci  of  cells 
approximately  120  days  after  castration.  These  foci  of  Ki-67  expressing  cells  also 
demonstrate  androgen  receptor  and  PSA  expression. 

•  Androgen-regulated  genes  previously  identified*'^  have  been  characterized  for  expression  in 
CWR22  tumors.  IGFBP-5  expression  was  determined  in  CWR22  and  in  CaP  from  patients.*^ 

•  Tomoregulin  expression  assessed  by  western  blot  and  IHC  was  high  in  the  androgen- 
dependent  and  recurrent  CWR-22  and  low  until  day  120  after  castration  when  androgen- 
independent  cellular  proliferation  begins. 
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Kim  D,  Gregory  CW,  Smith  GJ  and  Mohler  JL:  Immunohistochemical  quantitation  of  androgen 
receptor  expression  using  color  video  image  analysis.  Cytometry  35:2-10,  1999. 
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receptor  up-regulates  insulin-like  growth  factor  binding  protein-5  (IGFBP-5)  expression  in  a 
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Conclusion 

In  summary,  we  have  identified  candidate  genes  differentially  expressed  in  the  absence  of 
androgen  in  dormant  (20  day  castrate  CWR22)  versus  proliferating  (recurrent  CWR22)  tumors. 
Tomoregulin,  a  newly  discovered  EGF-like  molecule,  expression  assessed  by  western  blot  and 
IHC  was  high  in  the  androgen-dependent  and  recurrent  CWR-22  and  low  until  day  120  after 
castration  when  androgen-independent  cellular  proliferation  begins.  Tomoregulin  as  well  as  2 
other  genes  still  under  evaluation  will  be  characterized  in  a  large  number  of  prostatectomy 
specimens  of  androgen-dependent  and  independent  CaP  and  then  in  an  invaluable  set  of  serial 
biopsies  of  advanced  human  prostate  cancer  obtained  before  and  after  castration.  Identification 
of  critical  genes  associated  with  the  onset  of  androgen-independent  growth  may  yield  candidates 
for  manipulation  using  gene  therapy  that  can  be  tested  in  the  CWR22  model  prior  to 
investigation  in  human  patients. 
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Background:  The  immunostaining  features  of  the  andro¬ 
gen  reeeptor  (AR)  have  been  studied  in  prostate  cancer 
(CaP)  to  predict  the  outcome  of  androgen  deprivation 
therapies.  We  have  developed  an  automatic  video  color 
image  analysis  system  for  quantitation  of  AR  expression  in 
large  samples  of  prostatic  nuclei. 

Methods:  Essential  criteria  of  immunostaining  have  been 
examined  to  establish  a  linear  relationship  between  AR 
protein  content  and  mean  optical  density  (MOD)  of  the 
immunoperoxidase-substrate  reaction  product.  Titration 
of  monoclonal  AR  antibody,  F39.4.1,  and  concentration 
and  reaction  time  of  substrate  were  optimized  using  color 
video  image  analysis.  The  methodology  was  tested  twice. 
First,  CWR22  human  CaP  xenograft  specimens,  harvested 
from  testosterone  (T)-stimulated,  castrated  and  T-resupple- 
mented  mice,  were  immunostained  to  demonstrate  the 
dependence  of  AR  expression  on  serum  androgen  levels. 
Second,  AR  expression  was  measured  in  archived  clinical 
specimens. 


Results:  In  CWR22  tumor-bearing  mice  castrated  for  6 
days,  AR  MOD  decreased  to  57%  of  T-stimulated,  intact 
mice.  After  72  hrs  of  T  treatment,  AR  MOD  returned  to  the 
level  measured  in  T-stimulated,  intact  mice.  Sixteen  radical 
prostatectomy  specimens  and  16  transurethral  resection 
of  prostate  (TURP)  specimens  were  double-labeled  with 
F39.4.1  and  anti-cytokeratin  MAb  (13PE12)  specific  for 
basal  epithelial  cells.  Benign  epithelial  cells  exhibited 
lower  AR  MOD  in  prostatectomy  compared  to  TURP 
specimens  (P  <  0.01).  Differences  in  AR  immunostaining 
intensity  may  have  resulted  from  differences  in  tissue 
fixation  of  whole  organ  versus  small  tissue  specimens. 
Conclusions:  AR  immunostaining  can  be  quantitated 
accurately  using  optimized  immunohistochemical  criteria 
and  video  image  analysis.  Cytometry  35:2-10,  1999- 
©  1999  Wiley-Liss,  Inc. 

Key  terms:  prostate  cancer;  immunohistocheimstry; 
androgen  reeeptor;  video  image  analysis 


Quantitation  of  the  androgen  receptor  (AR)  in  the 
prostate  has  been  performed  traditionally  using  a  biochemi¬ 
cal  radioligand  binding  method  that  compares  the  amount 
of  AR  in  prostate  tissue  homogenates.  The  values  obtained 
represent  an  average  measurement  of  variation  within 
different  regions  of  the  prostate  or  changes  within  popula¬ 
tions  of  cells  in  response  to  androgen  manipulation. 
Disadvantages  of  this  method  include  the  requirement  for 
generous  tissue  samples,  the  production  of  radioactive 
waste  products,  and  the  inability  to  exclude  nonmalignant 
cellular  material  from  the  assay  process  (1,2).  Immunocyto- 
chemical  analysis  became  possible  when  monoclonal  and 
polyclonal  antibodies  specific  for  the  AR  were  developed 
(3-6).  Immunocytochemical  analysis  offers  an  advantage 


over  biochemical  methods  because  tissue  architecture  is 
preserved.  Although  designed  originally  for  use  on  frozen 
material  (7),  avidin-biotin  immunoperoxidase  techniques 
can  be  modified  for  study  of  paraffin-embedded  sections  of 
routinely  fixed  and  processed  tissue,  including  archival 
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material  and  diagnostic  biopsy  specimens.  Furthermore, 
immunostaining  intensity  of  a  specific  cell  type  can  be 
measured  using  video  image  analysis. 

Prostate  cancer  (CaP)  is  characterized  by  increased 
heterogeneity  of  AR  immunostaining  compared  with  be¬ 
nign  prostate  tissue  (8).  The  variability  of  AR  protein 
content  per  unit  area  increased  with  increasing  Gleason 
grade  and  stage  (9).  Immunostaining  features  of  AR  expres¬ 
sion  in  primary  CaP  have  been  correlated  with  response  to 
androgen  deprivation  therapies.  Biopsy  specimens  ob¬ 
tained  before  androgen  deprivation  treatment  indicated 
that  patients  with  CaP  with  a  high  percentage  of  AR- 
positive  cells  responded  well  to  treatment  (10)  and  that 
variation  of  nuclear  AR  immunostaining  correlated  in¬ 
versely  with  the  interval  to  tumor  recurrence  (1 1).  Auto¬ 
mated  image  analysis  of  transurethrally-resected  prostate 
(TURP)  specimens  suggested  that  the  mean  optical  density 
(MOD)  of  AR  immunostaining  predicts  the  outcome  of 
patients  treated  with  various  therapies,  including  radical 
prostatectomy,  radiation,  and  orchiectomy  (12).  Recently, 
the  prognostic  value  of  AR  expression  in  patients  undergo¬ 
ing  hormone  therapy  was  reestablished  by  image  analysis 
based  on  a  pattern-oriented  approach  that  categorized 
two-dimensional  histograms  of  MOD  and  relative  total  AR 
content  per  nucleus  into  four  types  (13).  Considered 
together,  these  studies  suggest  that  CaPs  composed  of 
cells  homogeneously  expressing  relatively  large  amounts 
of  AR  protein  respond  favorably  to  androgen  deprivation. 
Accurate  and  reproducible  immunohistochemical  analysis 
of  AR  expression  is  important  for  the  assessment  of  the 
response  to  hormone  therapy  and  may  be  important  for 
the  investigation  of  other  aspects  of  the  development  and 
progression  of  CaP. 

Accurate  quantitation  of  antigens  using  immunohisto- 
chemistry  and  light  microscopy  depends  on  a  linear 
relationship  between  the  amount  of  antigen  and  the 
intensity  of  immunoperoxidase-3,3'-diaminobenzidine  tet- 
rahydrochloride  (DAB)  reaction  products  (14,15).  Earlier 
studies  of  AR  immunostaining  of  human  CaP  specimens 
have  not  described  carefully  optimization  of  immunohisto¬ 
chemical  procedures  so  that  one  can  be  confident  that 
variations  in  staining  intensity  reflect  linearly  the  amount 
of  antigen.  The  requirement  for  a  shorter  incubation  time 
for  cells  with  higher  antigen  content  was  first  described  by 
Benno  et  al.(l4).  They  used  quantitative  immunohistochem- 
istry  and  the  peroxidase-antiperoxidase  technique  to  de¬ 
tect  tyrosine  hydroxylase  within  the  nucleus  locus  coer- 
uleus  of  rat  brain  and  found  that  the  induction  of  tyrosine 
hydroxylase  was  associated  with  earlier  saturation  of 
chromogen  reaction.  In  general,  proper  time  of  chromo¬ 
gen  reaction  must  be  determined  for  each  experiment  to 
avoid  oversaturation  that  provides  invalid  quantitation  of 
antigen  content. 

In  this  report,  we  describe  methodology  for  quantitative 
immunohistochemistry  and  color  video  image  analysis  of 
AR  expression.  We  then  apply  this  methodology  to  show 
differences  in  AR  immunostaining  intensity  with  testoster¬ 
one  (T)  levels  in  an  androgen-dependent  human  CaP 
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xenograft,  CWR22,  and  in  archived  human  prostate  speci¬ 
mens. 

MATERIALS  AND  METHODS 
Preparation  of  Research  Specimens 

CWR22  propagated  in  nude  mice  (16)  resembles  the 
majority  of  human  CaP  in  that  it  secretes  prostate-specific 
antigen  and  undergoes  apoptosis  and  regression  after 
androgen  deprivation  but  recurs  after  several  months  in 
the  absence  of  testicular  androgen  (17-20).  Nude  mice 
were  purchased  from  Harlan  Sprague-Dawley,  Inc.  (India¬ 
napolis,  IN).  CWR22  tumor  cells  obtained  from  the  labora¬ 
tory  of  Dr.  Thomas  Pretlow  were  transplanted  as  de¬ 
scribed  previously  (20).  Sustained-release  T  pellets  (12.5 
mg;  Innovative  Research  of  America,  Sarasota,  FL)  were 
placed  subcutaneously  into  each  animal  2  days  before 
tumor  injection.  After  tumor  volume  reached  1  cm^  based 
on  caliper  measurements,  animals  were  anesthetized  with 
methoxyflurane  and  castrated,  and  testosterone  pellets 
were  removed.  Six  T-stimulated,  intact  mice  bearing 
CWR22  tumors  and  three  castrated  animals  with  regressed 
CWR22  were  exposed  to  methoxyflurane  and  killed  by 
cervical  dislocation.  One  animal  with  regressed  CWR22 
was  injected  with  a  bolus  of  T  propionate  (1.0  mg/ml)  on 
day  6  after  castration  and  killed  72  h  later.  Resected  tumors 
were  fixed  immediately  in  10%  buffered  formalin  for 
24-48  h,  washed  in  phosphate-buffered  saline  for  24  h, 
and  embedded  in  paraffin.  A  specimen  (125  mm^)  of 
benign  prostatic  hyperplasia  (BPH)  obtained  from  a  radical 
prostatectomy  specimen  was  prepared  by  the  same  method 
for  use  as  a  positive  control  for  AR  immunostaining. 
Sixteen  radical  prostatectomy  specimens  from  patients 
with  clinically  localized  CaP  and  16  TURP  specimens  of 
BPH  were  obtained  from  the  pathology  archives  of  the 
University  of  North  Carolina  Hospital  at  Chapel  HUl, 
Chapel  HiU,  NC.  Specimens  were  examined  by  a  urologic 
pathologist,  and  all  areas  of  BPH,  prostatic  intraepithelial 
neoplasia,  and  CaP  were  marked. 

Optimization  of  Immunohistochemical  Parameters 

CWR22  xenograft  specimens  from  T-stimulated,  intact 
nude  mice  and  the  BPH  specimen  were  used  to  optimize 
the  variables  resulting  from  the  immunostaining  proce¬ 
dure.  Six-millimeter  histological  sections  were  cut  from 
paraffin-embedded  blocks.  The  avidin-biotin  immunoper- 
oxidase  technique  (7)  was  modified  for  the  MicroProbe 
staining  station  (Fisher  Scientific,  Pittsburgh,  PA)  that  uses 
capillary  action  (21).  After  deparafifinization  and  rehydra¬ 
tion,  tissue  sections  were  heated  to  100°C  for  30  min  in  a 
vegetable  steamer  in  the  presence  of  antigen  retrieval 
solution  (Citra,  pH  6.0;  BioGenex,  San  Ramon,  CA)  and 
cooled  for  5  min.  Slides  were  preincubated  with  2% 
normal  horse  serum  for  5  min  at  37°C  and  washed  with 
automation  buffer  (Fisher  Scientific).  Three  optimization 
procedures  were  performed  as  described  previously  (14) 
to  achieve  a  linear  relationship  between  the  content  of  AR 
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protein  and  the  MOD  of  the  immunoperoxidase-substrate 
reaction  product. 

AR  monoclonal  antibody  titration.  Monoclonal  an¬ 
tibody  (MAb)  F39.4.1  (BioGenex)  specific  for  the  N- 
terminal  region  of  human  AR  (6)  was  used  to  detect  AR.  To 
optimize  primary  antibody  concentration,  slides  were 
incubated  in  different  dilutions  of  AR  MAb  (0.001-6.0 
mg/ml  in  phosphate-buffered  saline  containing  0.1%  bo¬ 
vine  serum  albumin,  pH  7.4)  for  120  min  at  37°C.  Slides 
were  incubated  in  biotinylated  anti-mouse  immunoglobu¬ 
lin  G  (Vector  Laboratories,  Inc.,  Burlingame,  CA)  for  15 
min  at  37°C  (1:200  in  phosphate-buffered  saline,  pH  7.4) 
and  in  horseradish  peroxidase-conjugated  avidin-biotin 
complex  (Vector  Laboratories,  Inc.)  for  15  min  at  37°C 
(1:100  in  phosphate-buffered  saline,  pH  7.4).  The  immu- 
noperoxidase  complexes  were  visualized  using  0.75  mg/ml 
DAB  (Aldrich  Chemical  Co.,  Inc.,  Milwaukee,  WI)  in  Tris 
buffer  containing  0.003%  hydrogen  peroxide  (pH  7.6)  for 
6  min  at  37°C.  Slides  were  dehydrated  through  graded 
alcohol  solutions,  cleaned  with  Hemo-De  xydene  substi¬ 
tute  (Fisher  Scientific),  mounted  with  Permount  (Fisher 
Scientific),  and  coverslipped. 

Optimization  of  DAB  concentration.  To  find  the 
optimal  concentration  of  DAB  using  a  predetermined 
concentration  of  AR  MAb,  slides  were  processed  and 
incubated  in  different  concentrations  of  DAB  (0. 1-1.5 
mg/ml  in  Tris  buffer  containing  0.003%  hydrogen  perox¬ 
ide,  pH  7.6)  for  3  or  6  min  at  37°C. 

Optimization  of  DAB  incubation  time.  To  deter¬ 
mine  the  optimal  time  of  chromogen  reaction  using 
predetermined  concentrations  of  AR  MAb  and  DAB,  slides 
were  incubated  for  different  times  (3-15  minutes)  at  37°C. 

AR  immunohistochemistry.  Repeat  staining  of  12 
BPH  slides  was  performed  to  assess  the  reproducibility  of 
immunostaining  procedures.  Histological  sections  of 
CWR22  tumor  specimens  were  prepared  from  mice  killed 
before  castration,  6  days  after  castration,  and  after  72  h  of 
T  resupplementation.  Sections  were  stained  in  two  batches 
on  the  same  day  according  to  the  appropriate  parameters 
established  by  the  procedures  described  above.  Counter- 
staining  was  performed  with  hematoxylin  (Gill’s  formula, 
1:6  dilution;  Fisher  Scientific)  for  12  s.  A  BPH  slide  was 
included  in  each  batch  as  the  external  control  to  avoid 
variation  of  MOD  caused  during  immunostaining  and 
image  acquisition.  Nonimmune  mouse  immunoglobulin  G 
(Vector  Laboratories,  Inc.)  was  used  instead  of  AR  MAb  at 
the  same  protein  concentration  for  the  negative  control 
slide  prepared  from  the  same  tissue  block  as  the  specimen; 
negative  control  slides  were  nonreactive. 

High-molecular-weight  anticytokeratin  immuno¬ 
histochemistry.  Archived  radical  prostatectomy  speci¬ 
mens  and  TURP  specimens  were  stained  with  high- 
molecular- weight  anticytokeratin  MAb  13bE12  (Enzo 
Diagnostics,  Inc.,  Farmingdale,  NY),  which  is  specific  for 
basal  epithelial  cells,  to  distinguish  BPH  glands  from 
malignant  and  prostatic  intraepithelial  neoplasia  glands. 
After  elution  by  three  changes  of  glycine  buffer  (pH  2.3) 
for  5  min  at  room  temperature  to  remove  unreacted 
antibodies,  secondary  staining  was  performed  using  1 3bEl  2 


at  1.7  mg/ml  (1:50)  for  30  min  at  37°C.  Subsequent 
amplification  steps  were  performed  at  37°C  for  15  min 
each.  The  antibody  reaction  was  visualized  using  3-amino- 
9-ethylcarbazole  (BioGenex).  Counterstaining  was  per¬ 
formed,  and  slides  were  mounted  with  an  aqueous  mount¬ 
ing  medium  (Glycergel;  Dako,  Carpinteria,  CA)  and 
coverslips.  Negative  control  slides  consisted  of  four  slides: 
two  lacking  the  primary  antibody  in  each  labeling  step  and 
two  lacking  the  secondary  antibody  in  each  labeling  step; 
no  slides  showed  cross-reaction  between  two  labeling 
steps.  One  slide  was  prepared  without  the  elution  step: 
the  cross-reaction  was  apparent  in  AR-positive  tumor  cells, 
and  immunostaining  intensity  of  the  basal  layer  was 
decreased. 

Video  Microscopy  and  Digital  Image  Analysis 

Image  acquisition.  The  imaging  hardware  consisted 
of  a  Zeiss  Axioskop  microscope  (Carl  Zeiss,  Inc.,  Thorn- 
wood,  NY),  a  three-chip  charge  coupled  device  camera 
(C5810;  Hamamatsu  Photonics,  Inc.,  Hamamatsu,  Japan),  a 
camera  control  hoard  (Hamamatsu  Photonics,  Inc.),  and  a 
Pentium-based  personal  computer.  Optical  settings  were 
calibrated  using  procedures  described  previously  (22). 
Histological  images  were  acquired  from  immunopositive 
areas,  and  intensity  histograms  were  generated  using 
Optimas  6.1  (Optimas  Corp.,  Bothell,  WA).  Contrast  and 
brightness  were  adjusted  by  manipulating  gain  and  expo¬ 
sure  time  of  the  camera  board  and  a  rheostat  setting  at  the 
microscope  light  source  to  generate  maximum  contrast 
while  avoiding  undersaturation  or  oversaturation  of  gray 
levels.  A  series  of  neutral  filters  was  added  to  confirm  the 
linearity  of  output  in  the  final  optical  settings.  Temporal 
variation  of  light  output  was  frequently  measured  and 
found  insignificant  (<0.2%).  Images  were  sampled  ran¬ 
domly  throughout  histological  sections,  but  areas  that 
contained  necrosis,  preparation  artifacts,  or  edges  were 
avoided.  Each  field  of  view  for  AR-stained  slides  was 
digitized  at  total  magnification  1200X  using  a  40X  objec¬ 
tive  (numerical  aperture,  1.3).  A  digitized  image  consisted 
of  512  X  480  pixels  in  16.7  million  color  modes.  Twenty 
images  provided  an  adequate  sample  size  because  the 
average  deviations  from  the  MOD  became  stable  (within  ± 
5%).  Images  were  transported  to  a  DEC  5000  workstation 
(Digital  Equipment  Corp.,  Maynard,  MA)  via  on-campus 
Ethernet  for  further  analysis. 

Segmentation  of  nuclei  in  histological  images.  An 
immunostained  histological  section  is  shown  in  Figure  lA. 
The  red,  green,  and  blue  planes  of  each  color  image  were 
transformed  into  grayscale  images.  Each  grayscale  image 
was  binarized  automatically  by  applying  an  adaptive  thresh¬ 
olding  algorithm  (23).  The  accuracy  of  segmentation 
depends  on  the  window  size  selected;  a  window  of  80 
&multi;  80  pixels  was  selected  that  was  four  times  larger 
than  a  typical  nucleus.  Nuclear  masks  were  generated 
using  the  logical  OR  operation  of  three  binary  images,  and 
their  boundaries  were  smoothed  by  opening  and  closing 
with  a  5  X  5  structuring  element  (24).  Any  remaining 
artifacts  were  eliminated  by  size  and  shape  criteria  (25). 
MOD  values  were  calculated  using  Equation  1  (see  below) 
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Fig.  1 .  Red,  green,  and  blue  parts  of  a  color  image  of  a  sample  field  of  view  with  AR  immunostaining  and  hematoxylin  counterstaining  (A)  were  segmented 
using  an  adaptive  thresholding  algorithm  and  added  to  produce  a  set  of  binary  masks  for  nuclear  areas.  Immunonegative  nuclei  (arrows)  were  removed  using 
a  linear  discriminant  analysis  of  their  hue,  saturation,  and  intensity  values.  MOD  values  were  calculated  and  assigned  to  the  nuclear  mask  as  pixel  intensity 
(B).  Scale  bar  =  5  pm. 


and  were  assigned  to  each  nuclear  mask  as  pixel  intensity 
(Fig.  IB). 

Classification  of  immunopositive  nuclei.  Each  color 
image  in  the  red,  green,  and  blue  color  scheme  was 
transformed  to  the  hue,  saturation,  and  intensity  color 
scheme  using  an  algorithm  described  by  Gonzalez  and 
Woods  (26).  From  each  segmented  nuclear  area,  mean 
hue,  saturation,  and  intensity  values  were  calculated  as 
classifying  features  of  immunopositivity.  A  statistical  pat¬ 
tern  recognition  technique  was  used  because  visual  deter¬ 
mination  of  immunopositive  cells  is  highly  subjective. 
Using  a  color  image  threshold  tool  in  Optimas  6.1  (Opti- 
mas  Corp.),  100  immunopositive  nuclei  were  selected 
randomly  from  two  CWR22  specimens:  one  from  intact 
mice  and  one  from  castrated  mice.  One  hundred  immu¬ 
nonegative  nuclei  were  obtained  from  negative  controls. 
Mean  hue,  saturation,  and  intensity  features  of  each 
nuclear  image  were  measured  to  build  a  training  set  for 
classification.  A  set  of  unstandardized  classification  coeffi¬ 
cients  was  obtained  using  a  statistics  software  package, 
Statgraphics  4.0  (STSC,  Inc.,  Rockville,  MD).  A  test  set  was 
generated  in  a  similar  fashion  and  evaluated. 

Feature  extraction.  MOD  was  calculated  to  represent 
the  mean  AR  content  of  each  nucleus  classified  as  immu¬ 
nopositive: 

1  ”  ll-\ 

MOD=  --Elogtr 

i=l  W 

where  N  is  the  total  number  of  pixels  in  a  nuclear  mask,  Ij 
is  the  intensity  level  of  the  pixel  i,  and  Iq  is  the  intensity 
level  of  the  background  measured  in  each  field  of  view. 
Background  staining  represented  nonnuclear  immunoper- 
oxidase  reaction.  For  each  section  stained  for  AR  and 


counterstained  with  hematoxylin,  an  adjacent  section  was 
stained  using  the  same  procedure  but  without  primary 
antibody.  The  amount  of  MOD  contributed  by  hematoxy¬ 
lin  in  the  AR-stained  section  was  corrected  for  by  subtract¬ 
ing  the  average  MOD  of  nuclei  in  the  adjacent  section  (see 
Appendix).  This  corrected  MOD  was  used  as  a  measure  of 
relative  concentration  of  AR  in  immunopositive  cells. 

Statistical  analysis.  Reproducibility  of  repeat  staining 
was  tested  using  analysis  of  variance.  Differences  in  MOD 
of  CWR22  specimens  and  human  specimens  were  evalu¬ 
ated  using  Student’s  f-tests.  Differences  were  considered 
significant  if values  were  <0.05. 

RESULTS 

Immunohistochemical  Criteria  for  Quantitative 
Visualization  of  AR  Protein  Expression 

Concentration  of  primary  AR  MAb.  AR  MAb  was 
diluted  from  6  to  0.001  pg/ml,  and  MOD  was  analyzed  as  a 
function  of  AR  MAb  concentration,  whereas  other  vari¬ 
ables  were  kept  constant.  For  BPH  and  T-stimulated 
CWR22,  the  maximum  of  the  linear  portion  of  the  curve 
occurred  at  0.13  pg/ml  (Fig.  2A).  Higher  concentrations  of 
AR  MAb  increased  background  in  CWR22  specimens, 
resulting  in  less  contrast  between  nuclear  AR  staining  and 
background  and,  hence,  decreased  MOD  (P  <  0.001). 

Concentration  of  DAB.  Different  concentrations  of 
DAB  were  used  to  define  the  saturation  range  of  the  DAB 
reaction  while  other  variables  were  kept  constant  (3-  or 
6-min  incubation  at  37°C  and  0.13  pg/ml  AR  MAb).  MOD 
values  increased  starting  near  0.3  mg/ml  of  DAB  with 
0.003  %  H2O2  for  the  positive  control  BPH  specimen.  The 
concentration  of  0.75  mg/ml  used  in  the  determination  of 
the  optimal  concentration  of  AR  MAb  was  well  within  the 
saturation  range.  After  a  3-min  incubation  of  DAB  at  37°C, 
saturation  was  confirmed  at  0.75  mg/ml  (Fig.  2B). 
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Fig.  2.  AR  MAb  titration  (A)  and  optimal  condition  for  immunoperoxidase- 
substrate  reaction  (B,C)  were  found  using  MOD  measured  by  image  analysis. 
A:  Maximum  MOD  was  obtained  at  0. 13  Pg/ml,  the  optimal  AR  MAb  concentra¬ 
tion.  Data  were  fitted  with  exponential  functions.  B:  MOD  saturated  at  0.75 
mg/ml  DAB.  Data  were  fitted  with  logarithmic  functions.  C:  Rale  of  increase  of 
MOD  slowed  after  a  5-min  DAB  incubation  for  BPH  specimens  and  an  8-min  DAB 
incubation  for  CWR22  specimens  when  relative  difference  of  MOD  became 
<10%  between  consecutive  data.  Data  were  fitted  with  polynomial  functions. 
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Incubation  time  of  DAB.  MOD  values  were  mea¬ 
sured  as  a  function  of  the  incubation  time  for  the  DAB 
reaction  to  investigate  the  linearity  range  in  BPH  and 
CWR22  (Fig.  2C).  MODs  from  different  time  points  were 
fitted  with  polynomials,  and  relative  differences  of  MOD 
between  consecutive  data  were  calculated.  In  BPH  speci¬ 
mens,  DAB  color  developed  rapidly  for  5  min  (fast  color- 
developing  zone)  and  slowly  between  5  and  8  min  (slow 
color-developing  zone).  CWR22  required  approximately  8 
min  to  reach  the  slow  color-developing  zone,  and  satu¬ 
rated  MOD  values  that  occurred  after  8  min  were  greater 
than  those  of  BPH  specimens.  At  15  min,  CWR22  speci¬ 
mens  showed  elevated  background  development  that  was 
reflected  by  a  decrease  of  MOD  compared  with  the  MOD 
at  10  min  (P<  0.01). 

Classification  of  AR  Immunopositivity 

Segmented  nuclear  areas  of  visually  confirmed  AR- 
positive  nuclei  showed  a  widely  variable  combination  of 
hue,  saturation,  and  intensity  components.  A  considerable 
number  of  AR-positive  nuclei  was  distributed  over  a 
feature  space  where  hue,  saturation,  and  intensity  compo¬ 
nents  were  continuously  changing  between  two  popula¬ 
tions  of  AR-positive  nuclei  and  AR-negative  nuclei.  A  set  of 
unstandardized  coefficients  was  calculated  using  a  linear 


Table  1 

Classification  Result:  Linear  Discrimination  Analysis 


by  Minimum  Distance  Classification 


Predicted 

No.  of 

No.  of 

AR-negative 

AR-positive 

nuclei 

nuclei 

Actual 

No.  of  AR-negative  nuclei  (n  =  189) 

164  (87%) 

32(15%) 

No.  of  AR-positive  nuclei  (n  =  211) 

25  (13%) 

179  (85%) 

discriminant  analysis  of  the  training  set.  For  example,  a 
discriminant  function,  D,  was  obtained  for  AR  immunoposi¬ 
tivity  of  CWR22  specimens: 

D  =  -0.08168  •  Hi  -  0.06180  •  S;  -t-  0.01191  •  Ii 

-F  0.85885  (2) 

where  Hj  is  the  mean  hue.  Si  is  the  mean  saturation,  and  Ii  is 
the  mean  intensity  of  the  fth  nucleus.  Minimum  distance 
classification  was  used  as  a  decision  rule  to  evaluate  the 
test  set.  The  threshold  to  determine  AR  immunopositivity 
was  set  at  —0.47,  which  was  the  mean  of  two  centroid 
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A  Intact  CWR22 


ARMOD 


B  Day  6  Post  Castration 


Optical  Density  of  AR  Expression 
in  BPH,  PiN,  and  CaP 


Fig.  4.  The  intensity  of  AR  immunostaining  in  human  prostatectomy 
specimens  and  TURP  specimens.  Histological  sections  were  stained  with 
0.13  Mg/ml  AR  MAh  for  120  min,  and  AR  was  visualized  by  incubating  6 
min  in  0.75  mg/ml  DAB.  Sections  were  stained  secondarily  with  1.7  pg/ml 
anticytokeratin  13pE12  MAh  for  30  min,  and  cytokeratin  was  visualized  by 
incubating  for  5  min  with  3-amino-9-ethylcarbazole.  Finally,  sections  were 
counterstained  with  hematoxylin. 


C  Day  6  Post  Castration+DHT 


ARMOD 

Fig.  3-  The  intensity  of  AR  immunostaining  in  C'WR22  specimens 
harvested  from  mice  before  and  after  castration  and  after  castration  and  T 
resupplementation.  Histological  sections  were  stained  with  0.13  pg/ml  AR 
MAb  for  120  min  and  counterstained  with  hematoxylin.  AR  was  visualized 
by  incubating  for  8  min  in  0.75  mg/ml  DAB.  AR  expression  of  CWR22 
tumors  in  mice  castrated  for  6  days  decreased  to  57%  of  T-stimulated, 
intact  mice  and  was  restored  on  T  treatment.  A:  Intact  CWR22.  B:  Day  6 
after  castration.  C:  Day  6  after  castration  +  DHT. 


locations;  4.05,  representing  AR-negative  nuclei;  and  —4.99, 
representing  AR-positive  nuclei.  Approximately  85%  of 
AR-positive  nuclei  was  classified  correctly  in  the  test  set  of 
189  AR-negative  nuclei  and  211  AR-positive  nuclei  (Table  1). 

Changes  of  AR  Protein  Expression  of  CWR22 
Xenografts  After  Castration  and  During 
T  Resupplementation 

BPH  controls  showed  high  levels  of  AR  protein  expres¬ 
sion  as  evidenced  by  uniform  and  intense  immunostaining. 
The  variation  of  mean  MOD  between  BPH  sections  was 
<5.0%.  The  variation  of  mean  MOD  between  two  batches 
of  BPH  sections  was  not  significant  (analysis  of  variance, 
P  =  0.689). 


The  average  MOD  values  of  AR-positive  nuclei  were 
obtained  by  subtracting  the  intensity  of  hematoxylin- 
stained  cells  in  negative  control  slides  (MOD  ±  S.E., 
0.12  ±  0.01).  Most  CWR22  nuclei  in  T-stimulated,  intact 
nude  mice  showed  nuclear  localization  of  AR  that  stained 
intensely  (MOD  ±  S.E.,  0.26  ±  0.03).  (Fig.  3).  Serum  T 
decreased  to  undetectable  levels  within  12  h  after  castra¬ 
tion.  In  tumor-bearing  mice  castrated  for  6  days,  the 
average  MOD  values  of  AR-positive  nuclei  decreased  to 
57%  of  T-stimulated,  intact  mice  (0.15  ±  0.06).  After  72  h 
of  T  resupplementation,  the  average  MOD  values  of 
AR-positive  nuclei  (0.27  ±  0.09)  returned  to  the  same  level 
measured  in  T-stimulated,  intact  mice. 

AR  Immunostaining  Intensity  of  Radical 
Prostatectomy  and  TURP  Specimens 

When  double-labeled  with  AR  MAb  F39.4. 1  and  anticyto¬ 
keratin  MAb  13PE12,  weak-to-intermediate  intensity  of  AR 
immunostaining  was  observed  in  prostatectomy  speci¬ 
mens.  The  basal  layer  was  visualized  in  BPH  and  prostatic 
intraepithelial  neoplasia  glands,  whereas  no  basal  layers 
were  observed  in  malignant  glands.  Epithelial  cells  of  CaP 
glands  showed  higher  average  MOD  values  of  AR-positive 
nuclei  than  BPH  (0.11  ±  0.01  versus  0.07  ±  0.01;  P  < 
0.05)  (Fig.  4).  Prostatic  intraepithelial  neoplasia,  identified 
in  10  radical  prostatectomy  specimens,  showed  AR  immu¬ 
nostaining  similar  to  BPH  (0.05  ±  0.02).  BPH  from  TURP 
specimens  (0.25  ±  0.02)  showed  significantly  higher  AR 
immunostaining  intensity  compared  with  BPH  from  radi¬ 
cal  prostatectomy  specimens  (P  <  0.01). 

DISCUSSION 

In  this  study,  optimal  conditions  for  AR  staining  were 
achieved  by  avoiding  nonspecific  binding  of  AR  MAb 
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Table  2 


Summary  of  Jmmunohistochemical  Studies  of  AR 


Reference 

Tissue  samples 

Features 

Results 

Sadi  and  Barrack,  1992  (11) 

Frozen  biopsy  specimens  from  17 
patients  with  metastatic  CaP 

Variance  of  MOD  measured  using 
VU 

Patients  with  high  variance  of 
MOD  showed  shorter  interval 

to  recurrence 

Mean  MOD  values  were  not  dif¬ 
ferent  among  patients 

Tilley  etal.,  1994(12) 

Frozen  TURP  specimens  from  9 
patients  with  clinically  local¬ 
ized  CaP,  5  patients  with 
locally  invasive  CaP,  and  16 
patients  with  metastatic  CaP 

MOD  of  two  AR  antibodies  and 
hematoxylin  and  percent  AR 
positivity  using  VIA 

Patients  with  progressive  disease 
were  separated  retrospectively 
by  discriminant  factor  analysis 
using  all  features 

Takeda  et  al„  1995  (10) 

Frozen  prostate  biopsy  specimens 
from  62  patients  with  meta¬ 
static  CaP 

Manual  counting  of  percent  AR 
positivity 

Patients  with  >48%  AR  positivity 
had  better  outcome 

Ruizeveld  de  Winter  et  al.. 

Frozen  RRP  specimens  from  49 

Manual  counting  of  percent  AR 

No  differences  were  found 

1994  (8) 

patients  with  localized  CaP, 
frozen  TURP  specimens  from 

10  patients  with  metastatic 

CaP,  and  20  patients  with 
androgen-deprived  CaP 

positivity 

between  49  RRP  and  10  TURP 
specimens  from  untreated 
patients  with  CaP 

No  difference  between  10  TURP 
untreated  patients  and  20 

TURP  androgen-deprived 
patients 

Hobisch  et  al.,  1995  (29) 

Paraffin-embedded  biopsy  speci¬ 
mens  of  22  distant  metastases 
from  18  patients  with  CaP  (17 
androgen-deprived  and  1 
untreated) 

Manual  counting  of  percent  AR 
positivity 

All  22  biopsy  specimens  showed 
AR  positivity 

8  biopsy  specimens  showed 
>50%  AR  positivity 

10  biopsy  specimens  showed 
10%-50%  AR  positivity 

RRP,  radical  prostatectomy;  VIA,  video  image  analysis. 


while  maximizing  the  signal/noise  ratio  (titration);  oversatu¬ 
ration  of  chromogen  reaction  was  avoided  while  maxi¬ 
mizing  the  availability  of  chromogen  to  immunoperoxi- 
dase  complexes.  The  extraction  of  immunostaining  features 
was  accomplished  at  the  level  of  individual  nuclei  to 
provide  more  cell-specific  information  than  previous  stud¬ 
ies  that  analyzed  entire  immunopositive  areas  (14).  West¬ 
ern  blot  analysis  indicated  that  CWR22  tumors  harvested 
from  T-stimulated  intact  mice  had  higher  levels  of  AR 
content  than  CWR22  tumors  obtained  from  castrated  mice 
(27).  Therefore,  the  minimum  incubation  time  of  DAB  was 
determined  using  CWR22  tumors  harvested  from 
T-stimulated  intact  mice.  Saturation  of  DAB  reaction  oc¬ 
curred  after  5  min  of  incubation  in  BPH  specimen  versus  8 
min  in  CWR22.  The  slow  phase  of  color  development  after 
the  initial  fast  phase  was  observed  in  both  CWR22  and 
BPH  sections.  During  this  phase,  color  development  of 
DAB  may  have  continued  among  nuclei  that  express 
inherently  less  AR,  e.g.,  basal  epithelial  nuclei  in  BPH  (28). 

AR  expression  has  been  described  quantitatively  by 
several  groups  using  manual  scoring  or  video  image 
analysis  of  AR-positive  cells  (Table  2).  The  manual  scoring 
used  in  several  studies  involved  visual  discrimination  of 
immunopositive  cells  that  is  highly  subjective  because  AR 
immunostaining  is  not  all-or-none.  Video  image  analysis  is 
technically  demanding;  accurate  segmentation  of  nuclei 
from  histological  images  has  proven  difficult.  Sadi  and 
Barrack  (11)  avoided  the  necessity  for  segmentation  by 
interactively  placing  a  sampling  window  within  nuclei. 


However,  the  mean  and  variance  of  AR  immunostaining 
could  have  been  affected  by  the  nuclei  selected  for  study,  a 
selection  made  based  on  the  very  characteristic  being 
studied.  Tilley  et  al.  (12)  used  an  automated  color  video 
image  analysis  system  that  provided  techniques  such  as 
automatic  segmentation  of  nuclear  images  and  discrimi¬ 
nant  analysis  of  color  features.  MOD  was  derived  for  each 
field  as  total  integrated  optical  density  divided  by  total  area 
of  positively  stained  nuclei  within  areas  chosen  visually  to 
represent  malignant  tissue.  In  our  study,  color  features 
were  obtained  from  individual  nuclei  that  should  provide 
more  accurate  classification  of  immunopositivity,  and 
MOD  of  each  nucleus  was  defined  to  avoid  field-to-field 
variability  of  immunostaining  intensity  and  tissue  thick¬ 
ness.  CWR22  xenografts  consist  almost  entirely  of  malig¬ 
nant  epithelial  cells,  and  hence,  classification  of  benign 
versus  malignant  nuclei  was  not  necessary, 

Immunohistochemical  quantitation  techniques  devel¬ 
oped  in  this  study  were  also  applied  to  measure  AR 
immunostaining  intensity  in  clinical  specimens.  Lower  AR 
immunostaining  intensity  of  BPH  epithelium  in  radical 
prostatectomy  specimens  compared  with  TURP  speci¬ 
mens  may  have  been  primarily  caused  by  fixation  variabil¬ 
ity.  BPH  specimens  prepared  for  positive  controls  were 
obtained  from  radical  prostatectomy  specimens  and  were 
fixed  immediately  in  formalin.  Control  specimens  showed 
more  intense  AR  staining  compared  with  archived  sections 
of  BPH  obtained  from  radical  prostatectomy  specimens 
and  the  average  MOD  values  of  AR-positive  nuclei  were 
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similar  to  TURP  specimens.  TURP  “chips”  are  collected 
and  placed  in  formalin  in  the  operating  suite,  whereas 
radical  prostatectomy  specimens  are  not  placed  in  forma¬ 
lin  until  received  in  the  Pathology  Department  1-3  h  after 
procurement.  The  method  of  tissue  procurement  as  well 
as  the  time  to  fixation  must  be  considered  when  compar¬ 
ing  specimens  among  patients.  When  AR  immunostaining 
was  compared  in  CaP  and  BPH  glands  from  the  same 
prostatectomy  specimens,  CaP  expressed  higher  levels  of 
AR,  a  result  consistent  with  an  earlier  report  that  CaP 
specimens  had  higher  AR  immunostaining  and  higher 
variance  than  BPH  (9). 

Further  insights  into  the  role  of  AR  in  the  development 
and  progression  of  BPH  and  CaP  depend  on  accurate 
quantitation  of  AR  expression.  Automated  video  image 
analysis  can  be  used  to  measure  AR  expression  in  research 
and  clinical  specimens  of  prostate  tissue. 
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APPENDIX 

According  to  the  Beer-Lambert  law,  light  traveling 
through  a  medium  that  contains  light-diffracting  (absorb¬ 
ing)  elements  can  be  described  as  follows: 

I  =  Ioe-«^"  (3) 

where  I  is  the  amount  of  light  coming  out  of  the  medium 
without  diffraction,  Iq  is  the  amount  of  light  coming  into 
the  medium,  (  is  a  constant  that  relates  the  optical 
absorption  to  the  content  of  element  p  in  the  medium  of 
thickness  t.  Let  8  =  (px  and  solve  for  8: 

8  =  -log,a/Io)  (4) 

The  optical  density  can  defined  as  8  =  8(p  &mgr),  the 
probability  a  photon  is  absorbed  per  unit  distance  in  a 
medium.  If  light  goes  through  a  medium  that  consists  of 
two  light-diffracting  elements.  Equation  3  becomes,  when 
T  is  constant, 

I  =  (5) 

Similarly, 

+  ^2^2^  =  -logeH/Io)  =  8  (6) 

Therefore,  the  optical  density  of  the  medium  that  consists 
of  two  light-diffracting  elements  is  the  sum  of  the  optical 
densities  defined  for  each  element. 
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ABSTRACT 

The  human  prostate  cancer  (CaP)  xenograft,  CWR22,  mimics  human 
CaP.  CWR22  grows  in  testosterone-stimulated  nude  mice,  regresses  after 
castration,  and  recurs  after  5-6  months  in  the  absence  of  testicular 
androgen.  Like  human  CaP  that  recurs  during  androgen  deprivation 
therapy,  the  recurrent  CWR22  expresses  high  levels  of  androgen  receptor 
(AR).  Immunohistochemical,  Western,  and  Northern  blot  analyses  dem¬ 
onstrated  that  AR  expression  in  the  androgen-independent  CWR22  is 
similar  to  AR  expression  in  the  androgen-dependent  CWR22  prior  to 
castration.  Expression  of  prostate-specific  antigen  and  human  katlikrein-2 
mRNAs,  two  well-characterized  androgen-regulated  genes  in  human  CaP, 
was  androgen  dependent  in  CWR22.  Despite  the  absence  of  testicuiar 
androgen,  prostate-specific  antigen  and  human  kallikrein-2  mRNA  levels 
in  recurrent  CWR22  were  higher  than  the  levels  in  regressing  CWR22 
tumors  from  12-day  castrate  mice  and  simiiar  to  those  in  the  androgen- 
stimulated  CWR22.  Other  AR-regulated  genes  followed  a  similar  pattern 
of  expression.  Differential  expression  screening  identified  androgen  reg¬ 
ulation  of  a-enolase  and  a-tubulin  as  well  as  other  unknown  mRNAs. 
Insulin-like  growth  factor  binding  protein-S,  the  homeobox  gene  Nkx  3.1, 
the  AR  coactivator  ARA-70,  and  cell  cycle  genes  Cdkl  and  Cdk2  were 
androgen  regulated  in  CWR22.  In  recurrent  CWR22,  the  steady-state 
levels  of  all  these  AR-dependent  mRNAs  were  similar  to  those  in  the 
androgen-stimulated  CWR22,  despite  the  absence  of  testicular  androgen. 
Expression  of  AR  and  AR-regulated  genes  in  the  androgen-deprived 
recurrent  CWR22  at  ievels  similar  to  the  androgen-stimulated  CWR22 
suggests  that  AR  is  transcriptionally  active  in  recurrent  CWR22.  Induc¬ 
tion  of  these  AR-regulated  genes  may  enhance  cellular  proliferation  in 
relative  androgen  absence  but  through  an  AR-dependent  mechanism. 
Alternatively,  in  androgen-independent  tumors,  induced  expression  of  the 
AR-reguiated  gene  network  might  result  from  a  non-AR  transcription 
controi  mechanism  common  to  these  genes. 

INTRODUCTION 

AR’’  is  a  member  of  the  subfamily  of  steroid  receptors  and  the 
larger  family  of  nuclear  receptors  that  function  as  transcription  fac¬ 
tors.  AR  is  activated  by  androgen,  binds  specific  nucleotide  sequences 
known  as  androgen  response  elements,  and  interacts  with  other  factors 
to  control  transcription  of  androgen-regulated  genes,  thereby  stimu¬ 
lating  development  and  function  of  the  male  reproductive  tract  (1-9). 
CaP  is  androgen  dependent  (10),  and  its  growth  is  mediated  by  a 
network  of  AR-regulated  genes  that  remains  to  be  fully  characterized. 
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CaP  regresses  after  androgen  deprivation  but  eventually  recurs  in  the 
absence  of  testicular  androgen.  AR  protein  expression  in  most  andro¬ 
gen-independent  CaP  is  similar  to  that  in  androgen-dependent  CaP 
(11).  This  finding  has  raised  the  possibility  that  AR  becomes  reacti¬ 
vated  and  has  a  role  in  promoting  androgen-independent  growth  of 
CaP.  Recent  reports  based  on  cotransfection  experiments  in  cultured 
cell  lines  suggested  that  certain  growth  factors  and  other  kinase 
inducers  may  activate  AR  in  the  absence  of  ligand  (12-15). 

We  are  using  the  human  CaP  xenograft,  CWR22  (16-18),  to 
investigate  the  role  of  AR  and  AR-regulated  genes  in  the  androgen- 
independent  growth  of  CaP.  CWR22  is  propagated  by  s.c.  transplan¬ 
tation  in  male  nude  mice  supplemented  with  testosterone.  This  xe¬ 
nograft  retains  the  characteristics  of  human  CaP  including  dependence 
on  androgen  for  growth.  Androgen-dependent  cells  undergo  apoptosis 
after  androgen  withdrawal,  and  the  tumors  regress  in  size.  However, 
a  subset  of  androgen-responsive  cells  survives  androgen  deprivation. 
These  surviving  cells  that  populate  the  recurrent  tumor  express  AR 
and  increased  levels  of  Bcl-2,  an  apoptosis  inhibitor.'*  Five  to  6 
months  after  the  removal  of  testicular  androgen  stimulation,  tumor 
cells  undergo  recurrent  growth.  AR  expression  in  the  recurrent,  an¬ 
drogen-independent  CWR22  tumor  is  similar  to  that  in  the  androgen- 
stimulated  CWR22.  The  high  level  of  nuclear  AR  in  recurrent  CWR22 
suggested  that  AR  might  be  a  factor  in  stimulating  androgen-indepen¬ 
dent  growth.  As  a  first  step  in  investigating  this  possibility,  we  used 
CWR22  to  identify  androgen-regulated  mRNAs  and  measured  the 
levels  of  these  mRNAs  in  CWR22  after  castration  and  upon  recur¬ 
rence  of  tumor  growth.  The  results  demonstrated  that  expression  of 
AR-regulated  genes  is  up-regulated  in  androgen-independent  CWR22, 
consistent  with  reactivation  of  AR.  They  also  suggest  that  androgen- 
regulated  genes  have  a  role  in  androgen-independent  growth  of  CaP. 

MATERIALS  AND  METHODS 
Transplantation  of  CWR22  Tumors 

Nude  mice  were  obtained  from  Harlan  Sprague  Dawley,  Inc.  (Indianapolis, 
IN).  CWR22  tumors  were  transplanted  into  nude  mice  containing  s.c.  testos¬ 
terone  pellets  (12.5  mg  for  sustained  release  of  —10  /j-g/day;  Innovative 
Research  of  America,  Sarasota,  FL)  as  described  previously  (17),  Testosterone 
pellets  eliminated  the  wide  variation  in  serum  testosterone  of  male  nude  mice 
and  maintained  a  serum  concentration  of  —4.0  ng/ml.  Intact  mice  bearing 
androgen-stimulated  tumors  and  castrated  mice  (testes  and  testosterone  pellets 
were  removed)  carrying  regressed  or  recurrent  CWR22  tumors  were  exposed 
to  methoxyflurane  and  sacrificed  by  cervical  dislocation.  Tumors  were  har¬ 
vested  rapidly  and  frozen  in  liquid  nitrogen  or  fixed  in  10%  buffered  formalin 
for  paraffin  embedding.  All  procedures  used  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  of  the  University  of  North  Carolina  at  Chapel 
Hill. 

RNA  Isolation  and  Northern  Hybridization 

Total  RNA  was  isolated  from  CWR22  tumors  as  described  (19).  RNA 
resuspended  in  sterile  HjO  was  glyoxylated  and  fractionated  through  1.0% 
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agarose  gels  and  transferred  to  Biotrans  nylon  membrane  (ICN  Biomedicals, 
Inc.,  Aurora,  OH).  cDNA  probes  were  labeled  with  [^^P]dCTP  (Amersham 
Corp.,  A?lington  Heights,  IL)  using  the  Prime-a-Gene  System  (Promega  Corp., 
Madison,  WI).  Membranes  were  hybridized  in  aqueous  solution  (5X  SSC,  5X 
Denhardt’s  solution,  1%  SDS,  and  100  /xg/ml  salmon  sperm  DNA)  overnight 
at  68°C.  After  washing  at  50°C  for  1  h  in  O.lx  SSC,  0.1%  SDS,  the 
membranes  were  exposed  to  X-ray  film  (Eastman  Kodak  Co.,  Rochester,  NY) 
with  an  intensifying  screen  at  -80°C.  hK-2  cDNA  was  kindly  provided  by  Dr. 
Charles  Y-F.  Young  (Mayo  Clinic,  Rochester,  MN).  IkBo  cDNA  was  from  Dr. 
Albert  S.  Baldwin  (University  of  North  Carolina  at  Chapel  Hill).  IGFBP 
cDNAs  were  provided  by  Dr.  Shunichi  Shimasaki  (Scripps  Research  Institute, 
La  Jolla,  CA). 

Western  Immunoblot  Analysis  of  AR 

Lysates  were  prepared  from  frozen  CWR22  tumors.  Tumor  tissue  (100  mg) 
was  pulverized  in  liquid  nitrogen,  allowed  to  thaw  on  ice,  and  mixed  with  1 .0 
ml  of  RIPA  buffer  with  protease  inhibitors  (PBS,  1%  NP40,  0.5%  sodium 
deoxycholate,  0.1%  SDS,  0.5  tiiM  phenylmethylsulfonyl  fluoride,  10  fiM  pep- 
statin,  4  jjM  aprotinin,  80  /xm  leupeptin,  and  5  mm  benzamidine).  Tissue  was 
homogenized  on  ice  for  30  s  using  a  Biohomogenizer  (Biospec  Products,  Inc., 
Bartlesville,  OK).  Two  /xl  of  0.2  m  phenylmethylsulfonyl  fluoride  were  added 
and  the  homogenates  incubated  30  min  on  ice.  Homogenates  were  centrifuged 
at  10,000  X  g  for  20  min;  supernatants  were  collected  and  centrifuged  again 
to  prepare  the  final  lysates.  Supernatant  protein  (100  p.g)  from  each  sample 
was  electrophoresed  in  12%  SDS-polyacrylamide  gels,  followed  by  electro- 
blotting  to  Immobilon-P  membrane  (Millipore  Corp.,  Bedford,  MA)  and  im¬ 
munodetection.  Anti-human  AR  monoclonal  antibody  F39.4.1  (Biogenex,  San 
Ramon,  CA)  was  used  at  a  1:10,000  dilution.  LNCaP  cell  lysate  was  used  as 
a  positive  control  on  immunoblots.  Secondary  antibody  (goat-anti-mouse  IgC 
conjugated  to  horseradish  peroxidase,  Amersham  Corp.,  Arlington  Heights, 
IL)  was  used  for  detection  by  enhanced  chemiluminescence  (DuPont,  NEN 
Research  Products,  Boston,  MA). 

Immunohistochemical  Analysis  of  AR  and  Ki-67 

Formalin-fixed,  paraffin-embedded  sections  of  tumor  tissue  were  processed 
for  AR  immunostaining  using  anti-human  AR  monoclonal  antibody  F39.4.L 
After  deparaffmization  and  rehydration,  tissue  sections  were  heated  at  100°C 
for  30  min  in  a  vegetable  steamer  in  the  presence  of  antigen  retrieval  solution 
(CITRA,  pH  6.0;  Biogenex).  F39.4.1  antibody  was  used  at  a  concentration  of 
0.13  ;ug/ml  and  diaminobenzidine  was  used  to  detect  immunoperoxidase 
antigen-antibody  reaction  products. 

Ki-67  immunostaining  for  cellular  proliferation  was  performed  with  the 
MIB-1  monoclonal  antibody  (Oncogene,  Cambridge,  MA)  at  an  IgC  concen¬ 
tration  of  0.5  p,g/ml  (1:50).  All  other  steps  were  as  described  for  AR  immu¬ 
nostaining.  Automated  digital  image  analysis  to  determine  the  percentage  of 
tumor  celis  expressing  Ki-67  was  performed  as  described  (20). 

cDNA  Library  Construction  and  Screening 

Library  Construction.  Five  fxg  of  poly(A)'''  mRNA  was  used  to  construct 
directional  cDNA  libraries  in  lambda  ZAP  II  (Stratagene,  La  Jolla,  CA) 
according  to  the  manufacturer’s  instructions.  The  primary  library  from  intact, 
testosterone-stimulated  CWR22  represented  0.95  X  10^  unique  clones  (>99% 
recombinant).  The  primary  library  from  the  recurrent  CWR22  represented 
1.8  X  lO*"  unique  clones  (91%  recombinant).  Both  libraries  were  amplified 
once.  The  average  insert  size  for  the  libraries  was  1.5  kb. 

Library  Screening.  Lambda  phage  plaques  from  the  primary  unamplified 
CWR22  library  were  plated  at  low  density.  Two  or  three  individual  plaques 
were  placed  into  each  1.5-ml  Eppendorf  tube  containing  500  p,l  of  suspension 
media  plus  chloroform.  Ten  jxl  of  phage  stock  were  PCR  amplified  in  50  mM 
KCl,  10  mM  Tris  (pH  8.3),  1.5  mM  MgCl2,  0.001%  gelatin,  50  /xm  primers 
(standard  M13  forward  and  reverse  primers),  0.1  mM  deoxynucleotide  triphos¬ 
phate,  1.5  units  of  Taq  (Perkin-Elmer,  Foster  City,  CA),  and  0.25  unit  cloned 
Pfu  (Stratagene)  in  a  60-;xl  reaction.  PCR  conditions  were  95°C  for  3  min, 
55°C  for  3  min,  68°C  for  15  min  for  1  cycle,  then  95°C  for  30  s,  55°C  for  1 
min,  and  72°C  for  3  min  (36  cycles),  followed  by  a  10-min  incubation  at  72°C. 

PCR  products  were  mn  on  duplicate  1.5%  Tris-borate-EDTA  agarose  gels. 
After  electrophoresis,  the  gels  were  photographed  and  treated  for  20  min  in  0.4 


M  NaOH.  DNA  was  transferred  to  a  positively  charged  nylon  membrane 
(Biotrans,  ICN,  Costa  Mesa,  CA)  in  0.4  m  NaOH  by  overnight  capillary 
transfer.  After  transfer,  membranes  were  washed  for  10-15  min  in  2X  SSC 
followed  by  5  min  in  double-distilled  HjO.  Membranes  were  air-dried  and 
stored  at  4°C  until  hybridization. 

Radiolabeled  first-strand  cDNA  was  prepared  from  poly(A)'^  mRNA  as 
described  previously  (21)  and  used  to  screen  the  CWR22  intact  library  by 
Southern  hybridization.  Probes  from  CWR22  intact  and  2-day  CX  mice  were 
hybridized  with  duplicate  Southern  blots  (30  lanes,  each  lane  containing  a  pool 
of  2-3  pfu).  Prehybridization  of  the  duplicate  Southerns  was  done  in  5  X  SSC, 
5X  Denhardt’s,  1%  SDS,  and  100  p.g/ml  single-strand  DNA  at  68°C  for  2-3 
h.  Hybridization  was  performed  overnight  at  68°C  using  either  CWR22  intact 
or  CWR22  2-day  CX  cDNA  prohes  at  10^  cpm/ml.  After  hybridization,  the 
blots  were  washed  briefly  in  2X  SSC-0,1%  SDS,  followed  by  1  h  at  50°C  in 
O.lx  SSC-0.1%  SDS.  Autoradiographs  of  the  duplicate  Southern  blots  hy¬ 
bridized  to  intact  and  2-day  CX  cDNA  probes  were  analyzed  to  identify  bands 
with  differential  hybridization  to  the  two  probes.  Phage  plaques  corresponding 
to  bands  tentatively  identified  as  being  androgen-regulated  were  plaque  puri¬ 
fied  and  reanalyzed  by  Southern  hybridization  to  confirm  androgen  regulation. 
Confirmation  of  androgen  regulation  of  the  mRNA  was  done  using  Northern 
blot  analysis.  Blots  containing  total  RNA  from  CWR22  intact,  2-day  CX, 
6-day  CX,  6-day  CX  -H  24  h  of  TP,  and  recurrent  CWR22  tumors  were 
hybridized  to  radiolabeled  probe  prepared  from  plaque-purified  phage. 

RNase  Protection  Assay 

The  RiboQuant  Multiprobe  RNase  Protection  Assay  System  (PharMingen, 
San  Diego,  CA)  was  used  to  quantitate  mRNA  transcripts  for  Cdkl-4  and  pl6. 
Ten  /xg  of  total  RNA  from  each  of  the  CWR22  tumors  were  hybridized  with 
the  radiolabeled  hCC-1  multiprobe  template  set  (PharMingen)  according  to  the 
manufacturer’s  instructions.  After  RNase  treatment,  protected  probes  were 
resolved  on  5%  polyacrylamide  sequencing  gels,  followed  by  exposure  of  the 
dried  gel  to  BioMax  MR  film  (Kodak)  overnight  at  -70°C. 

RESULTS 

AR  protein  expression  in  CWR22  human  CaP  xenografts  was 
determined  using  immunohistochemical  and  Western  blot  analyses. 
AR  staining  in  nuclei  of  epithelial  cells  was  abundant  in  CWR22 
tumors  from  androgen-stimulated  intact  mice  (Fig.  lA)  and  decreased 
1-4  days  after  castration  (Fig.  IS)  during  the  period  of  most  rapid 
apoptosis.  At  6  days  after  castration  (Fig.  1C),  AR  protein  was 
increased  and  remained  so  at  12  days  (not  shown).  In  the  CWR22 
tumor  that  recurred  5  months  after  androgen  withdrawal  (Fig.  ID),  the 
intensity  of  AR  staining  and  strong  nuclear  localization  was  similar  to 
that  observed  in  CWR22  tumors  from  intact  androgen-stimulated 
mice.  Western  blotting  yielded  similar  results  (Fig.  2).  AR  in  the  intact 
androgen-stimulated  CWR22  decreased  within  1  day  after  castration, 
increased  6  and  12  days  after  castration,  but  was  less  than  in  the 
recurrent  tumor.  In  the  recurrent  tumor,  AR  protein  levels  were 
similar  to  those  in  CWR22  from  androgen-stimulated  intact  mice.  AR 
mRNA  expression  was  determined  by  Northern  analysis.  A  normal¬ 
sized  transcript  of  9.6  kb  was  present,  and  bands  of  similar  intensity 
were  obtained  with  CWR22  tumors  of  androgen-stimulated  intact 
mice  and  recurrent  CWR22  tumors  from  CX  mice  (Fig.  3). 

Differential  expression  screening  of  cDNA  libraries  constructed 
from  CWR22  tumors  was  performed  to  identify  androgen-regulated 
genes  in  human  CaP.  A  total  of  1652  plaques  were  screened  initially 
by  this  method  (936  from  intact  CWR22  library  and  696  from  the 
recurrent  CWR22  library).  A  second  screening  to  eliminate  false 
positives  resulted  in  48  regulated  clones.  Northern  blot  analysis  con¬ 
firmed  androgen  regulation  of  24  clones.  PSA  was  identified  twice, 
whereas  seven  clones  had  no  homology  to  DNA  sequences  in  Gen- 
Bank  (National  Center  for  Biotechnology  Information,  Bethesda, 
MD).  The  remaining  15  clones  had  sequence  homology  to  transcripts 
identified  previously.  Both  a-enolase  and  a-tubulin  showed  strong 
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Fig.  1.  AR  protein  localization  in  CWR22  tu¬ 
mors.  Immunostaining  for  AR  was  performed  on 
paraffin-embedded  sections  of  CWR22  tumors. 
Nuclei  stained  for  AR  in  the  majority  of  cells  in 
CWR22  tumors  from  intact  mice  (A),  whereas  AR 
immunostaining  was  reduced  1  day  after  castration 
(B).  AR  immunostaining  increased  slightly  at  6 
days  after  castration  as  compared  with  1-day  cas¬ 
trates  (C).  Recurrent  CWR22  tumors  growing  in 
the  absence  of  testicular  androgen  expressed  nu¬ 
clear  AR  at  levels  similar  to  tho.se  of  androgen- 
stimulated  CWR22  tumors  from  intact  mice  (D). 


up-regulation  by  androgen,  whereas  testosterone-repressed  prostate 
message-2  was  down-regulated.  Vascular  endothelial  growth  factor 
and  mitochondrial  hinge  protein  niRNAs  were  up-regulated  by  an¬ 
drogen  but  <2-fold  (data  not  shown).  Several  ribosomal  protein 
mRNAs  and  other  unknown  transcripts  were  regulated  minimally 
either  in  an  up  or  downward  direction. 

The  effects  of  castration  and  androgen  replacement  on  mRNAs  for 
a  prostate-specific  homeobox  gene,  NkxS.I.  and  the  human  kallikrcin 
gene,  hK-2,  both  of  which  are  androgen-regulated  in  human  prostate 
(22-24),  were  demonstrated  using  Northern  hybridization  (Fig.  4). 
IGFBP-5  was  androgen  up-regulated,  whereas  other  IGFBP  mRNAs 
(IGFBP-2,  IGFBP-3,  and  IGFBP-6)  were  unchanged  (data  not 
shown).  We  also  found  that  the  AR  coactivator  ARA-70  was  androgen 
up-regulated.  As  shown  in  Fig.  4,  the  levels  of  all  these  mRNAs  were 
decreased  6  and  12  days  after  castration  when  compared  with  the 
levels  in  CWR22  tumors  from  androgen-.stimulated  intact  mice.  Treat¬ 
ment  of  the  6-  and  12-day  CX  mice  with  TP  (0.1  mg/animal)  for  24, 
48,  or  72  h  increased  the  level  of  each  of  these  mRNA  transcripts, 
implicating  AR  in  the  control  of  their  expression.  In  the  CWR22 
tumor  that  recurred  in  the  absence  of  testicular  androgen,  levels  of  all 
these  androgen-regulated  mRNAs  increased  compared  with  castrates 
and  were  similar  to  those  in  CWR22  tumors  from  androgen-stimu¬ 
lated  intact  mice  (Fig.  4). 

Androgen  regulation  of  genes  controlling  cell  cycle  progression  in 
CWR22  tumors  was  investigated  using  RNase  protection  assays  to 
compare  the  levels  of  mRNA  transcripts  encoding  the  Cdks  {Cdk  1-4) 
and  the  Cdk  inhibitor  pl6  (Fig.  5).  Androgen  withdrawal  from 
CWR22  tumors  for  6  or  12  days  resulted  in  down-regulation  of  Cdkl 
and  Cdk2  and  up-regulation  of  pI6.  Testosterone  treatment  of  6-  or 
12-day  CX  animals  resulted  in  up-regulation  within  24  h  of  Cdkl  and 


Cdk2  and  down-regulation  of  pi 6.  In  recurrent  CWR22,  Cdkl  and 
Cdk2  were  expressed  at  levels  similar  to  tho.se  of  the  androgen- 
stimulated  CWR22  from  intact  mice.  However,  levels  of  pI6  were 
variable  in  10  different  recurrent  CWR22  tumors  examined.  Cdk4 
levels  did  not  change  appreciably  after  castration  or  with  testo.sterone 
replacement.  Ki-67  immunostaining,  which  correlates  well  with  bro- 
modeoxyuridine  incorporation  and  thymidine  labeling  (25),  was  u.sed 
to  estimate  cellular  proliferation  in  CWR22  tumors  (Fig,  6).  The 
percentage  of  Ki-67-positive  cells  decreased  from  79.4  ±  3.6  in 
tumors  from  intact  mice  to  0.8  ±  0.5  at  6  days  after  castration. 
Injection  of  TP  (0.1  mg)  increased  Ki-67  immunostaining  to 
4.5  ±  0.42  within  24  h  and  to  31.0  ±  6.7%  positive  within  48  h. 
CWR22  tumors  that  recurred  in  the  ab.sence  of  testicular  androgen 
demonstrated  a  high  percentage  of  Ki-67-positive  cells  (67.1  ±  3.3) 
similar  to  that  of  CWR22  tumors  from  intact  mice. 
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Fig.  2.  Western  immunoblot  analysis  of  AR  protein  in  CWR22  tumors.  Tumor  lysates 
were  subjected  to  Western  blot  analysis  using  a  monoclonal  AR  antibody.  An  AR  protein 
of  1 10-1 14  kDa  was  present  in  lysates  of  androgen-stimulated  CWR22  tumors  from  intact 
mice.  AR  protein  decreased  from  1  to  4  days  but  increased  between  6  and  12  days  after 
castration.  AR  protein  in  recurrent  CWR22  {CWR22R)  tumors  was  similar  to  levels  in  the 
intact  CWR22.  LNCaP  cell  lysate  was  used  as  a  positive  control  for  AR.  The  position  of 
the  molecular  mass  marker  (kDa)  is  indicated.  This  experiment  was  performed  with  two 
to  four  different  tumors  at  each  time  point  with  similar  results. 
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Fig.  3.  Northern  blot  analysis  of  AR  mRNA  in  CWR22  and  recurrent  CWR22. 
Steady-state  AR  mRNA  levels  were  similar  in  the  androgen-stimulated  CWR22  from 
intact  mice  and  recurrent  CWR22  iCWR22R)  tumors  from  CX  mice.  The  position  of 
molecular  mass  markers  (kilobases)  are  indicated. 
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CWR22  based  on  decreased  steady-state  levels  after  castration  and 
increased  levels  after  testosterone  replacement.  In  the  recurrent  tu¬ 
mors,  the  levels  of  all  androgen-regulated  mRNAs  were  higher  than  in 
CWR22  tumors  after  castration  and  similar  to  levels  in  androgen- 
stimulated  tumors  from  intact  mice.  This  novel  observation  is  con¬ 
sistent  with  AR  induction  of  gene  transcription  in  androgen-indepen- 
dent  CaP.  It  suggests  also  that  growth  of  androgen-independent  tumor 
cells  is  stimulated  by  a  network  of  AR-regulated  genes. 

Several  factors  are  known  to  control  AR  gene  transcription  in 
mammalian  cell  lines  (27-38);  however,  the  specific  factors  that 
induce  AR  expression  in  CaP  remain  unknown.  Increased  AR  expres¬ 
sion  in  a  significant  number  of  androgen-independent  CaPs  may  result 
from  amplification  of  the  AR  gene  locus.  AR  gene  amplification  was 
present  in  —30%  of  CaPs  that  relapsed  after  androgen  deprivation  but 
in  none  of  the  original  primary  tumors  (39).  In  a  series  of  54  locally 
recurrent  CaPs  from  patients  who  survived  for  1  year  or  more  on 
androgen  deprivation  therapy,  comparative  genomic  hybridization  and 
interphase  fluorescence  in  situ  hybridization  demonstrated  amplifica¬ 
tion  in  15  tumors  (40).  Amplification  was  associated  with  increased 
expression  of  AR  mRNA  and  may  contribute  to  the  AR  expression  in 
recurrent  CWR22;  however,  this  remains  to  be  determined. 

AR  and  androgens  are  essential  for  development,  growth,  and 
function  of  the  prostate.  In  human  and  other  mammalian  species, 
castration  results  in  apoptosis  and  loss  of  androgen-dependent  prostate 
cells.  In  normal  prostate  cells  that  survive  androgen  deprivation,  AR 
does  not  become  reactivated  in  the  absence  of  testicular  androgen 
(41).  However,  in  CaP  cells,  genetic  alterations  occurring  during  the 
months  after  androgen  deprivation  might  turn  on  signaling  mecha¬ 
nisms  and  reactivate  AR-induced  transcription  independent  of  andro¬ 
gen  or  at  a  lower  concentration  of  androgen  or  other  steroids  (42).  AR 
activation  might  result  from  direct  effects  on  AR  that  alter  its  structure 
or  phosphorylation  state  or  indirect  effects  involving  protein-protein 
interactions  with  AR  coactivators  or  repressors.  Modulators  of  protein 
kinases  A  and  C  might  activate  AR  in  the  absence  of  ligand  by 
altering  AR  phosphorylation  (43-46).  Other  AR-activating  pathways 
might  be  mediated  by  transmembrane  receptors  for  growth  factors. 
Studies  on  CaP  cell  lines  suggested  that  keratinocyte  growth  factor, 
epidermal  growth  factor,  and  IGF-I  signaling  pathways  activate  AR  in 


Fig.  4.  A,  Northern  blot  analysis  of  androgen-regulated  genes  in  CWR22.  Total  RNA 
from  CWR22  tumors  was  analyzed  by  Northern  analysis  to  examine  androgen-regulated 
changes  in  expression  of  several  transcripts.  All  mRNAs  examined  decreased  after 
castration  (6  or  12  days)  of  mice  bearing  CWR22  tumors.  Treatment  of  castrated  mice 
with  TP  for  24,  48,  or  72  h  restored  expression  of  the  mRNAs  to  levels  seen  in  the  intact 
CWR22.  Recurrent  CWR22  tumors  growing  in  the  absence  of  testicular  androgens 
expressed  the  androgen  up-regulated  mRNAs  at  levels  similar  to  the  mRNA  levels  in 
intact  CWR22  tumors  (non-CX  mice  containing  testosterone  pellets).  18S  rRNA  was  used 
as  a  control  for  mRNA  loading  variability.  In  B,  densitometry  results  compare  integrated 
band  densities  for  all  genes  examined  in  CWR22  tumors  12  days  after  castration  with 
recurrent  CWR22  tumors  and  represent  the  means  of  results  from  three  different  tumor 
RNAs  at  each  time  point;  bars,  SE.  The  integrated  density  of  12>day  CX  samples  was 
arbitrarily  set  to  1 .0  so  that  fold  induction  in  the  recurrent  samples  can  be  appreciated. 
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DISCUSSION 

The  levels  of  AR  protein  found  in  CWR22  tumors  that  recurred  5-6 
months  after  castration  were  similar  to  AR  levels  in  most  androgen- 
independent  CaPs  (11,  26)  and  allowed  this  xenograft  to  be  used  as  a 
model  for  determining  the  role  of  AR  in  androgen-independent 
growth.  Because  AR  is  a  transcription  factor  essential  to  the  growth  of 
androgen-dependent  CaP,  reactivation  of  AR  in  the  absence  of  testic¬ 
ular  androgen  may  promote  growth  in  androgen-independent  CaP.  As 
a  first  step  in  testing  this  hypothesis,  we  searched  for  androgen- 
regulated  mRNAs  in  androgen-dependent  CWR22  and  measured  lev¬ 
els  of  expression  of  these  androgen-regulated  mRNAs  in  the  recurrent 
CWR22.  Several  androgen-regulated  mRNAs  were  identified  in 
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Fig.  5.  RNase  protection  assay  for  Cdks  and  pl6  in  CWR22  tumors.  Cdkl  and  Cdk2 
mRNAs  were  androgen  up-regulated  in  CWR22  tumors,  whereas  Cdk4  mRNA  levels 
were  unchanged  after  castration  or  testosterone  treatment.  Cdkl  and  Cdk2  mRNA  levels 
in  recurrent  CWR22  {CWR22R)  tumors  were  similar  or  higher  than  those  in  intact  CWR22 
tumors.  pl6  was  negatively  regulated  by  androgens  and  showed  variable  expression  in 
recurrent  CWR22  tumors.  GIyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  is  in¬ 
cluded  as  a  loading  control.  6d  and  J2d,  6-day  and  12-day,  respectively. 
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Fig.  6.  Quantitative  analysis  of  Ki-67  immunostaining  in  CWR22  tumors.  Cellular 
proliferation  decreased  80-fold  6  days  after  castration  of  CWR22-bcaring  mice.  TP  (0.1 
mg/animal)  administration  to  6-day  CX  mice  caused  a  <5-fold  increase  at  24  h  and  a 
>30-fold  increase  after  48  h.  Recurrent  CWR22  tumors  showed  a  percentage  of  Ki-67- 
positive  cells  similar  to  that  seen  in  androgen-stimulated  CWR22  tumors  from  intact  mice. 
Bars,  SE. 


the  absence  of  androgen  (47).  With  respect  to  IGF-I,  our  results 
suggest  a  mechanism  whereby  its  signaling  may  be  enhanced  in  the 
recurrent  tumor.  Because  IGFBP-5  is  up-regulated  by  AR^  and  is  a 
positive  modulator  of  IGF-I  in  some  tissues  (48),  IGFBP-5  may 
amplify  IGF-I  activation  of  AR  in  the  recurrent  tumor  thereby  creating 
a  self-perpetuating  autocrine  feedback  loop  at  the  level  of  the  IGF-I 
receptor.  Moreover,  PSA  and  hK-2  are  AR-regulated  members  of  the 
human  kallikrein  family  of  serine  proteases  that  degrade  the  IGF-I 
inhibitor,  IGFBP-3  (48).  Thus,  the  increased  expression  of  these 
proteases  in  the  recurrent  tumor  could  further  enhance  the  activity  of 
IGF-I. 

PSA  and  hK-2  genes  are  transcriptionally  up-regulated  by  androgen 
and  contain  androgen  response  elements  in  their  5'  flanking  regions 
(49-53).  Additional  upstream  PSA  gene  enhancer  elements  have  been 
identified  that  amplify  androgen  responsiveness  in  a  cell  type-specific 
manner,  suggesting  that  other  DNA-binding  proteins  cooperate  with 
AR  in  amplifying  the  transcriptional  response  (49).  Studies  on  several 
AR-regulated  genes  indicated  that  DNA-binding  proteins,  some  of 
which  are  androgen-regulated,  cooperate  with  AR  in  the  induction  of 
gene  transcription  (3-6,  54-57).  However,  these  interacting  factors 
remain  to  be  characterized,  and  as  yet  no  factor  has  been  shown  to 
induce  transcription  of  these  genes  in  the  absence  of  AR.  This  leads 
to  the  question:  What  accounts  for  the  increased  expression  of  PSA 
and  hK-2  in  CaP  that  recur  after  androgen  deprivation?  The  increase 
in  serum  PSA  associated  with  tumor  recurrence  during  androgen 
deprivation  treatment  has  often  been  explained  on  the  basis  of  in¬ 
creased  tumor  volume;  however,  our  studies  on  CWR22  demonstrate 
that  PSA  mRNA  is  increased  per  tumor  weight.  In  a  recent  clinical 
study  of  46  patients  undergoing  treatment  for  CaP,  de  Vere  White  et 
al.  (11)  obtained  results  on  AR  and  PSA  similar  to  our  findings  in 
CWR22.  In  patients  who  underwent  a  relatively  short  period  of 
“combined  androgen  blockade”  for  downsizing  prior  to  radical  pros¬ 
tatectomy,  most  residual  CaP  expressed  AR  but  low  to  undetectable 
PSA,  whereas  CaP  that  relapsed  after  a  longer  period  of  androgen 
blockade  expressed  both  AR  and  PSA,  indicating  a  link  between  AR 
and  PSA  expression  in  androgen-independent  CaP.  Factors  that  mod¬ 
ulate  PSA  expression  in  androgen-responsive  cells  may  act  by  en¬ 
hancing  the  action  of  AR.  PSA-stimulating  activity  was  identified  by 


^  C.  W.  Gregory,  D.  Kim,  P.  Ye,  A.  J.  D’Ercole,  J.  L.  Mohler,  and  F,  S.  French. 
Androgen  receptor  up-regulates  insulin-like  growth  factor  binding  protein-5  (IGFBP-5) 
expression  in  a  human  prostate  cancer  xenograft,  submitted  for  publication. 


Hsieh  et  al.  (58)  in  conditioned  medium  of  an  LNCaP  cell  subline 
derived  from  a  s.c.  xenograft  that  exhibited  relapsed  growith  after 
castration  of  the  host  male  nude  mouse.  The  conditioned  medium  was 
active  in  the  absence  of  testosterone;  however,  the  LNCaP  cells 
expressing  PSA  were  androgen  responsive,  suggesting  the  possibility 
that  AR  could  have  mediated  the  increase  in  PSA  expression.  Simi¬ 
larly,  vitamin  D  (1,25-dihydroxy vitamin  D3)  increased  PSA  secretion 
and  inhibited  growth  of  cultured  LNCaP  cells  through  what  was 
believed  to  be  an  effect  on  cell  differentiation  (59).  Moreover,  Gleave 
et  al.  (60)  demonstrated  an  increase  in  LNCaP  PSA  mRNA  expression 
by  treatment  with  transforming  growth  factor  j3  that  was  independent 
of  cellular  proliferation. 

The  finding  that  several  AR-controlled  genes  are  up-regulated  in 
androgen-independent  CWR22  strengthens  the  concept  that  AR  has  a 
role  in  mediating  androgen-independent  growth  and  emphasizes  fur¬ 
ther  the  importance  of  identifying  AR-regulated,  growth-promoting 
genes.  ARA-70  was  first  identified  in  a  thyroid  carcinoma  as  a  RET 
fusion  gene  in  which  790  5 '-nucleotides  of  the  ARA-70  gene  were 
fused  to  the  tyrosine  kina.se  domain  of  the  RET  oncogene.  The  full 
significance  of  this  rearrangement  remains  to  be  establi.shed;  however, 
the  RET  gene  is  mutated  frequently  in  papillary  thyroid  carcinomas 
(61).  ARA-70  is  reported  to  be  an  AR  coactivator  and  potentiates  the 
transcriptional  activity  of  AR  in  DU- 145  cells  cotransfected  with  a 
reporter  gene  (62).  Its  up-regulation  in  recurrent  CWR22  could  am¬ 
plify  effects  of  other  ligand-independent  AR  activators. 

The  NkxS.I  gene  encodes  a  234-amino  acid  homeodomain  protein 
and  is  a  homologue  of  the  Drosophila  Nk-3  gene  (63).  Human  and 
mouse  proteins  are  identical  within  the  homeodomain  region.  In 
mouse  pro.state  and  seminal  vesicle,  Nkx3.1  mRNA  increases  in 
parallel  with  androgen  stimulation  of  sexual  development,  and  cas¬ 
tration  reduces  mRNA  levels  in  sexually  mature  mice  (64).  Nkx3.1 
mRNA  was  demonstrated  in  pro.state  and  to  a  lesser  extent  in  testis  in 
adult  human  males.  It  is  also  expressed  in  LNCaP  cells  and  up- 
regulated  by  androgen.  Expression  was  not  detected  in  the  PC-3  or 
DU-145  androgen-independent  cell  lines  that  lack  AR  (23).  The 
NkxS.I  gene  maps  to  chromosome  8p2.1 ,  a  region  commonly  mutated 
in  prostate  cancer.  However,  in  50  CaP  tissue  specimens  removed  at 
radical  prostatectomy,  only  one  deletion  was  found,  and  no  sequence- 
altering  mutation  was  detected  in  the  Nkx3.1  coding  region  (65). 
Chromosome  8  alleles  are  present  in  both  CWR22  and  recurrent 
CWR22  (16),  and  their  NkxS.I  mRNAs  are  of  equal  size.  Homeodo¬ 
main  proteins  have  the  ability  to  route  extracellular  signals  to  specific 
target  genes  through  protein-protein  interactions  (66-68).  Thus, 
NkxS.I  may  integrate  a  number  of  growth-promoting  signals  in  both 
the  androgen-dependent  and  androgen-independent  CWR22. 

a-Enolase  is  the  glycolytic  enzyme  that  converts  2-phosphoglycer- 
ate  to  phosphoenolpyruvate,  the  precursor  of  pyruvate.  Glycolysis  is 
believed  to  have  an  important  role  in  DNA  synthesis  (69).  Oxidative 
decarboxylation  of  pyruvate  to  form  acetyl-CoA  links  glycolysis  with 
the  citric  acid  cycle.  Human  and  rat  prostate  secrete  large  amounts  of 
citric  acid  formed  by  the  reaction  of  acetyl-CoA  with  oxaloacetate  and 
H2O.  Citric  acid  production  is  androgen  dependent.  In  the  rat,  andro¬ 
gens  increa.se  the  expression  of  pyruvate  dehydrogenase-EI  that  cat¬ 
alyzes  the  conversion  of  pyruvate  to  acetyl-CoA  and  mitochondrial 
aspartate  aminotransferase  that  converts  aspartate  to  oxaloacetate.  The 
latter  was  regulated  by  a  combined  increase  in  transcription  rate  and 
mRNA  stabilization  (70-72). 

a-Tubulin  and  |3-tubulin  subunits,  together  with  their  associated 
proteins,  make  up  the  mitotic  apparatus,  a  microtubule  machine  for 
separating  chromosomes.  a-Tubulin  has  been  considered  a  constitu¬ 
tive  housekeeping  gene;  however,  our  data  indicate  its  expression  is 
regulated  either  directly  or  indirectly  by  androgen  in  CWR22.  The 
relatively  slow  increa.se  in  a-tubulin  mRNA  in  re.spon.se  to  androgen 
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suggests  it  is  a  secondary  response  gene  perhaps  controlled  by  mul¬ 
tiple  gene  products,  some  of  which  are  androgen-regulated.  Androgen 
regulation  of  a-tubulin  may  link  AR  action  to  cell  division  in  CaP. 

Cdks  together  with  cyclins  control  the  normal  progression  of  cells 
through  the  cell  cycle.  Aberrant  activation  of  Cdks  may  potentiate  the 
growth  of  certain  cancers  (73),  including  CaP.  Cdk2  and  Cdk4  were 
positively  regulated  by  androgen  in  cultured  LNCaP  cells  in  associ¬ 
ation  with  increased  cellular  proliferation  (74).  Cdkl  and  Cdk2 
mRNAs  in  androgen-dependent  CWR22  decreased  after  castration 
and  were  up-regulated  by  androgen  replacement.  In  the  recurrent 
CWR22,  Cdkl  and  Cdk2  mRNAs  were  expressed  at  levels  similar  to 
those  in  androgen-dependent  CWR22  tumors  from  intact  mice.  Cdk4 
mRNA  remained  unchanged  after  castration  or  androgen  replacement. 
The  up-regulation  of  Cdkl  and  Cdk2  mRNAs  after  testosterone  re¬ 
placement  in  6-day  CX  mice  coincided  with  an  increase  in  cellular 
proliferation  (as  assessed  by  Ki-67  immunohistochemistry).  Whereas 
protein  synthesis  and  subsequent  phosphorylation  or  dephosphoryl¬ 
ation  is  required  for  Cdk  complex  formation  with  cyclins,  our  data 
suggest  that  AR  induction  of  Cdkl  and  Cdk2  mRNA  expression  is  an 
important  step  in  reactivating  the  cell  cycle.  Cdkl,  which  appeared  to 
be  strongly  androgen-regulated,  complexes  with  cyclin  B  and  is 
activated  by  dephosphorylation  just  prior  to  mitosis  (75).  Negative 
regulation  of  the  Cdk  inhibitor  pi 6  in  CWR22  would  diminish  the 
inhibitory  effect  of  pi 6,  further  enhancing  the  initiation  of  cellular 
proliferation.  However,  pl6  mRNA  levels  were  variable  in  recurrent 
CWR22  tumors.  Chi  et  al.  (76)  found  similar  variability  in  pl6  mRNA 
expression  in  116  human  prostate  tissue  specimens,  with  43%  of 
untreated  primary  CaP  showing,  reduced  expression. 

Our  results  indicate  that  a  network  of  androgen-regulated  genes  has 
a  role  in  driving  the  growth  of  androgen-independent  CaP.  Further¬ 
more,  they  provide  a  conceptual  framework  within  which  to  investi¬ 
gate  further  the  role  of  AR  and  to  identify  additional  gene  products 
important  in  the  recurrence  of  CaP  after  androgen  deprivation.  The 
expression  of  AR  and  androgen-regulated  genes  in  androgen-indepen¬ 
dent  CaP  suggests  AR  is  active  in  the  absence  of  testicular  androgen. 
Alternatively,  a  compensatory  transcriptional  or  mRNA-stabilizing 
mechanism  common  to  androgen-regulated  genes  might  become  ac¬ 
tivated  in  the  absence  of  androgen  stimulation.  Pursuit  of  these  pos¬ 
sibilities  should  lead  to  a  better  understanding  of  the  transition  of  CaP 
from  androgen-dependent  to  androgen-independent  growth. 
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Note  Added  in  Proof 

Regulation  of  androgen  receptor  gene  expression  through  a  TPA  (12-O-tetradecano- 
ylphorbol-13-acetate)-response  element  is  described  in:  Kumar,  M.  V.,  Jones,  E.  A„  Felts, 
J.  S.,  Blexrud,  M.  D.,  Grossmann,  M.  E.,  Blok,  L.  J.,  Schmidt,  L.  J,,  and  Tindall,  D.  J.: 
Characterization  of  a  TPA  response  element  in  the  5 '-flanking  region  of  the  androgen 
receptor  gene.  J.  Androl,  19:  595-602,  1998. 

Another  recent  paper  describes  the  isolation  from  and  androgen  regulation  of  NKX3.1 
in  LNCaP  cells:  Prescott,  J.  S.,  Blok,  L.,  and  Tindall,  D.  J.:  Isolation  and  regulation  of  the 
human  homeobox  cDNA,  NKX3.1.  Prostate,  35:  71-80,  1998. 
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ABSTRACT 

The  insulin-like  growth  factor  (IGF)  binding  proteins  (IGFBPs)  are 
important  modulators  of  IGF  action  in  many  tissues  including  human 
prostate.  IGFBPs  and  the  androgen  receptor  (AR)  are  expressed  in 
CWE22,  an  androgen-dependent  epithelial  cell  human  CaP  xenograft 
that  retains  biological  characteristics  of  human  CaPs,  including  re¬ 
gression  following  androgen  withdrawal  and  recurrent  growth  of  AR- 
containing  cells  in  the  absence  of  testicular  androgens  beginning 
several  months  after  castration.  Northern  blot  and  in  situ  hybridiza¬ 
tion  analyses  demonstrated  that  IGFBP-5  is  androgen-regulated  in 
CWR22.  IGFBP-5  messenger  RNA  (mRNA)  decreased  by  90%  follow¬ 
ing  castration  of  tumor-bearing  mice  compared  with  noncastrate  an¬ 
drogen-stimulated  mice.  Testosterone  treatment  of  CWR22  tumor¬ 
bearing  mice  6  or  12  days  after  castration  increased  IGFBP-5  mRNA 
10-  to  12-fold.  Levels  of  other  IGFBP  mRNAs  did  not  change  following 
androgen  withdrawal  and  replacement.  IGFBP-5  protein  in  tumor 
extracts  hound  ’^^®I-labeled  IGF-I  in  ligand  blot  assays  and  the 


amounts  of  IGFBP-5  measured  by  immunoblotting  paralleled  the 
levels  of  IGFBP-5  mRNA.  Androgen-induced  expression  of  IGFBP5 
was  at  a  maximum  level  within  24  h  after  testosterone  replacement, 
whereas  the  major  increase  in  cell  proliferation  as  measured  by  Ri-67 
immunostaining  occurred  between  24-48  h.  This  time  course  sug¬ 
gested  IGFBP-5  may  be  a  mediator  of  androgen-induced  growth  of 
CWR22.  In  tumors  that  recurred  several  months  following  castration, 
IGFBP-5  mRNA  and  protein  increased  to  levels  that  approached 
those  in  androgen-stimulated  CWR22  tumors  from  noncastrate  mice. 
IGFBP-5  immunohistochemical  staining  of  prostate  tissue  specimens 
from  patients  was  stronger  in  androgen-dependent  and  androgen- 
independent  CaP  than  in  areas  of  intraepithelial  neoplasia  (PIN)  or 
benign  prostatic  hyperplasia  (BPH).  IGFBP-5  mRNA  in  these 
specimens  was  localized  predominantly  to  stromal  cells  and 
IGPBP-5  protein  to  epithelial  cell  membranes.  [Endocrinology  140: 
2372-2381,  1999) 


Cancer  of  the  prostate  (CaP)  is  the  most  commonly 
diagnosed  cancer  and  the  second  leading  cause  of 
cancer  deaths  in  men  in  the  United  States  (1).  Initially,  CaP 
maintains  a  dependence  on  androgens  characteristic  of  the 
normal  human  prostate.  CaP  undergoes  apoptosis  and  re¬ 
gresses  following  androgen  withdrawal  but  eventually  re¬ 
curs  in  the  absence  of  testicular  androgens. 

Irtsulin-like  growth  factor  (IGF)-I  and  its  cognate  receptor 
have  been  implicated  in  CaP  cell  growth  (2-4).  IGF-I  is  not 
produced  at  detectable  levels  by  prostate  epithelial  cells, 
however  prostate  cells  express  the  type  I  IGF  receptor.  Pros¬ 
tate  epithelial  cells  make  IGF-II  but  lack  the  type  11  IGF 
receptor  (4).  IGF  receptor-mediated  signaling  appears  essen¬ 
tial  to  growth  of  CaP  cells  because  cell  proliferation  can  be 
inhibited  by  antibodies  directed  against  IGF-I  receptors  (5), 
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peptide  analogues  of  IGF-I  that  block  IGF-I  receptor  function 
(6),  or  a  stably  transfected  antisense  RNA  expression  vector 
that  blocks  IGF-I  receptor  expression  (7).  IGF-I  receptor  bind¬ 
ing  was  demonstrated  in  human  benign  hyperplastic  pros¬ 
tate  (8).  Recent  studies  by  Chan  et  al.  (9)  demonstrated  a 
positive  correlation  of  serum  IGF-I  levels  and  risk  of  CaP. 
Men  with  high  serum  IGF-I  levels  (294-500  ng/ml)  were  4.3 
times  more  likely  to  develop  CaP  than  were  men  with  low 
serum  levels  of  IGF-I.  C>n  the  other  hand,  IGFBP-3  levels 
correlated  inversely  with  the  development  of  CaP  suggesting 
lower  serum  IGFBP-3  allows  greater  bioavailability  of  IGF-I. 

IGF  binding  proteins  (IGFBPs)  are  secretory  proteins  that 
have  autocrine  and  paracrine  functions  as  modulators  of  IGF 
action.  They  have  both  inhibitory  and  potentiating  effects  on 
IGF  actions  (10).  Moreover,  recent  studies  suggest  that  some 
IGFBPs  may  have  their  own  receptor-mediated  functions 
independent  of  the  IGF  receptors  (11).  IGFBP-5  has  been 
shown  to  potentiate  IGF  action  (12). 

In  CaP,  the  majority  of  androgen-dependent  and  andro¬ 
gen-independent  cells  express  AR  protein.  In  clinically  lo¬ 
calized  CaP  treated  with  complete  androgen  blockade  before 
radical  prostatectomy,  AR  messenger  RNA  (mRNA)  expres¬ 
sion  correlated  directly  with  pathologic  stage  and  Gleason 
grade  (13).  Hobisch  et  al.  (14)  found  that  all  androgen-inde¬ 
pendent  CaP  (n  =  22)  examined  immunohistochemically 
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were  AR  positive.  AR  expression  levels  differ  little  between 
androgen-dependent  and  androgen-independent  CaP  (our 
unpublished  results  and  14,  15).  In  a  subset  of  androgen- 
independent  CaP,  AR  expression  may  be  enhanced  by  gene 
amplification.  AR  gene  amplification  was  reported  in  30%  of 
recurrent  tumors  (7  of  23),  with  no  amplification  detected 
before  androgen  deprivation  therapy  (16). 

The  human  CaP  xenograft,  CWR22,  is  propagated  sc  in 
nude  mice  and  retains  biological  characteristics  exhibited  by 
most  human  CaPs,  including  regression  following  androgen 
withdrawal  and  recurrence  after  several  months  in  the  ab¬ 
sence  of  testicular  androgen  (17-20).  The  recurrent  tumor 
expresses  a  level  of  AR  equal  to  or  higher  than  that  of  the 
androgen  withdrawn  CWR22  and  exhibits  nuclear  AR  im- 
mimostairung.  CWR22  contains  a  mutant  AR  (His874Tyr) 
with  altered  ligand  specificity.  The  mutant  AR  exhibits  a 
wild-type  AR  response  to  testosterone  and  dihydrotestos¬ 
terone  but  is  more  responsive  than  wild-type  AR  to  activa¬ 
tion  by  estradiol  and  dehydroepiandrosterone  (20).  Using 
this  human  CaP  xenograft,  we  examined  the  expression  and 
androgen  regulation  of  the  IGFBPs.  IGFBP-2,  -3,  -5,  and  -6 
were  expressed  in  both  androgen-dependent  and  androgen- 
independent  CWR22  but  only  IGFBP-5  was  androgen-reg¬ 
ulated.  In  prostate  specimens  from  patients  we  found  that 
immunostaining  of  IGFBP-5  was  stronger  in  CaP  than  in 
BPH. 

Materials  and  Methods 

Nude  mice  were  obtained  from  Harlan  Sprague  Dawley,  Inc.  (Indi¬ 
anapolis,  IN).  CWR22  tumors  were  transplanted  as  described  previously 
(17).  Briefly,  tumor  cell  suspensions  from  a  CWR22  primary  human  CaP 
xenograft  were  injected  sc  into  nude  mice  at  4-8  weeks  of  age.  A  12.5 
mg  sustained-release  testosterone  pellet  (Innovative  Research  of  Amer¬ 
ica,  Sarasota,  FL)  was  placed  sc  into  each  animal  2  days  before  tumor 
implantation  and  at  3-month  intervals  thereafter.  When  tumors  reached 
a  volume  of  1  cm®,  the  mice  were  anesthetized  with  methoxyflurane, 
castrated,  and  the  testosterone  pellets  removed.  Before  tumor  removal, 
intact  mice  bearing  androgen-stimulated  tumors  and  castrated  animals 
with  either  regressed  androgen-stimulated  (testosterone  propionate  0.1 
mg/animal  sc)  or  recurrent  tumors  were  exposed  to  methoxyflurane  and 
killed  by  cervical  dislocation.  Tumors  were  removed  immediately  and 
frozen  in  liquid  nitrogen  or  fixed  in  10%  buffered  formalin  and  paraffin 
embedded.  All  procedures  were  approved  by  the  Institutional  Animal 
Care  and  Use  Committee  of  the  University  of  North  Carolina  at  Chapel 
Hill. 

Specimens  of  human  benign  or  malignant  prostate  tissue  obtained  by 
transurethral  resection  or  radical  retropubic  prostatectomy  were  fixed  in 
10%  buffered  formalin  for  24  h,  washed  in  PBS  for  24  h,  and  embedded 
in  paraffin. 

RNA  isolation  and  Northern  blot  analysis 

Total  RNA  was  isolated  from  CWR22  tumors  as  previously  described 
(21).  Frozen  tumors  (100-200  mg)  were  pulverized  in  liquid  nitrogen 
and  homogenized  in  4  ml  4.0  m  guanidine  thiocyanate  (Fluka  Chemical 
Co.,  Ronkokoma,  NY)  for  30-60  sec  using  a  homogenizer  from  Brink- 
mann  Instruments,  Inc.  (model  PT 10/35,  Westbury,  NY).  Samples  were 
centrifuged  10,000  X  g  for  10  min  at  4  C  and  the  supernatants  layered 
onto  1 .25  ml  cesium  chloride  cushions  and  centrifuged  36,000  X  g  for  12  h 
at  4  C.  RNA  was  dissolved  in  sterile  HjO  and  ethanol  precipitated 
overnight  at  —20  C.  RNA  samples  were  resuspended  in  sterile  H2O, 
glyoxylated,  fractionated  by  electrophoresis  in  1.0%  agarose  gels  and 
transferred  to  Biotrans  nylon  membranes  (ICN  Biomedicals,  Inc.,  Au¬ 
rora,  OH),  complementary  DNA  (cDNA)  probes  were  labeled  with 
®®P-dCTP  (Amersham  Corp.,  Arlington  Heights,  IL)  using  the  Prime- 
a-Gene  System  (Promega  Corp.,  Madison,  WI).  Membranes  were  hy¬ 


bridized  in  aqueous  solution  (5  X  standard  sodium  citrate  (SSC),  5  X 
Denhardt's  solution,  1%  SDS,  and  100  p.g/ml  salmon  sperm  DNA)  for 
12  h  at  68  C.  After  washing,  the  membranes  were  exposed  to  x-ray  film 
(Eastman  Kodak  Co.,  Rochester,  NY)  at  -80  C  with  an  intensifying 
screen.  cDNAs  for  the  IGFBPs  1-6  were  provided  by  Dr.  S.  Shimasaki 
(The  Scripps  Research  Institute,  La  Jolla,  CA). 

Quantitation  of  IGFBP-5  mRNA  levels  was  performed  by  scanning 
Northern  blots  with  an  Ultroscan  XL  Laser  Densitometer  (LKB,  Uppsala, 
Sweden).  RNA  loading  differences  were  normalized  by  scaiming  the 
same  blots  subsequently  hybridized  with  an  18S  ribosomal  RNA  cDNA 
probe. 

In  situ  hybridization  histochemistry  (ISHH) 

ISHH  was  performed  as  described  previously  (22).  Briefly,  dewaxed 
and  rehydrated  paraffin  sections  (6  fim)  were  treated  with  0.2  n  HCl, 
washed  extensively  with  PBS,  and  hybridized  with  biotin-labeled 
IGFBP-5  antisense  riboprobe.  The  IGFBP-5  DNA  fragment  correspond¬ 
ing  to  bp  558-1201  of  rat  IGFBP-5  cDNA  (23)  was  PCR  amplified  and 
cloned  into  pBlueScript  (SK)  vector  (Stratagene,  La  Jolla,  CA).  Biotin- 
labeled  IGFBP-5  antisense  riboprobe  was  generated  using  Genius  RNA 
Labeling  kit  (Boehringer  Marmheim,  Indianapolis,  IN)  and  T3  RNA 
polymerase.  The  hybridization  buffer  contained  75%  formamide,  10% 
dextran  sulfate,  3  X  SSC,  50  mM  sodium  phosphate,  pH  7.4,  and  ap¬ 
proximately  1  ng/jj,l  of  probe.  After  incubation  with  probe  for  16-18  h 
at  55  C,  slides  were  washed  4  times  with  0.2  X  SSC  for  1  h  at  55  C. 
IGFBP-5  antisense  riboprobe  was  detected  with  monoclonal  antibiotin 
antibody  conjugated  with  horseradish  peroxidase  (Boehringer  Mann¬ 
heim,  1:200)  and  diaminobenzidine  tetrachloride  (DAB,  Aldrich  Chem¬ 
ical  Co.,  Inc.,  Milwaukee,  WI).  Rodent  liver,  a  tissue  lacking  detectable 
IGFBP-5  mRNA  (24  and  our  xmpublished  observations),  was  used  as  a 
negative  control. 

Western  immunoblot  analysis 

Lysates  were  prepared  from  frozen  CWR22  tumors.  One-hundred- 
milligram  tumor  was  pulverized  in  liquid  nitrogen,  allowed  to  thaw  on 
ice,  and  mixed  with  1.0  ml  RIPA  buffer  with  protease  inhibitors  (PBS, 
1%  NP40,  0.5%  sodium  deoxycholate,  0.1%  SDS,  0.5  mM  phenylmeth- 
ylsulfonyl  fluoride,  10  /iiM  pepstatin,  4  fxM.  aprotinin,  80  p,M  leupeptin, 
and  5  mM  benzamidine).  Tissue  was  homogenized  30  sec  on  ice  using 
a  Biohomogenizer  (BioSpec  Products,  Inc.,  Bartlesville,  OK)  and  incu¬ 
bated  30  min  on  ice.  Samples  were  centrifuged  at  10,000  X  g  for  20  min 
at  4  C,  supernatants  collected  and  centrifuged  again.  Aliquots  of  100  (j-g 
supernatant  protein  were  electrophoresed  on  12%  SDS-polyacrylamide 
gels  and  electroblotted  to  Immobilon-P  membranes  (Millipore  Corp., 
Bedford,  MA).  Antihuman  IGFBP-5  monoclonal  antibody  (Austral  Bio- 
logicals,  San  Ramon,  CA)  was  used  at  1:1000  dilution  for  immunode¬ 
tection.  Human  recombinant  IGFBP-5  (Austral  Biologicals)  was  used  as 
a  positive  control  on  immunoblots  and  ligand  blots.  Secondary  antibody 
(goat-antimouse  IgG  conjugated  to  horseradish  peroxidase  (Amersham 
Corp.,  Arlington  Heights,  IL))  was  detected  by  enhanced  chemilumi¬ 
nescence  (DuPont  NEN  Research  Products,  Boston,  MA). 

^^^I-IGF-I  ligand  blot  analysis 

For  ligand  blot  analysis,  50-100  mg  frozen  tumor  tissue  was  pulver¬ 
ized,  lysed,  and  sonicated  for  30  sec  in  ice  cold  lysis  buffer  (20  mM 
Tris-HCl,  pH  7.4,  2%  Triton  X-100  and  10  mM  EDTA)  and  centrifuged 
at  12,000  rpm  in  a  microcentrifuge  for  5  min  at  4  C.  Aliquots  of  100  fig 
supernatant  protein  were  separated  by  SDS-PAGE  in  12%  gels  and 
electroblotted  to  nitrocellulose  membranes  (Schleicher  &  Schuell,  Inc., 
Keene,  NH).  Membranes  were  incubated  with  hybridization  buffer  con¬ 
taining  ’®T-IGF-I  (5  X  10®  cpm/ml)  as  described  previously  (25)  for 
ligand  blot  analysis.  Blots  were  exposed  to  Biomax  MS  film  (Eastman 
Kodak  Co.,  Rochester,  NY)  with  an  intensifying  screen  at  -80  C  for  2-4 
days. 

Immunohistochemical  analysis 

Formalin-fixed,  paraffin-embedded  sections  of  CWR22  tumors  were 
antigen  retrieved  by  heating  at  100  C  for  30  min  in  a  vegetable  steamer 
in  the  presence  of  antigen  retrieval  solution  (CITRA,  pH  6.0,  BioGenex 
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Laboratories,  Inc.,  San  Ramon,  CA)  and  cooled  for  10  min.  Slides  were 
preincubated  with  2%  normal  horse  serum  for  5  min  at  37  C  and  washed 
with  automation  buffer  (Fisher  Scientific  International,  Inc.,  Pittsburgh, 
PA).  AR  monoclonal  antibody  F39.4.1  (BioGenex  Laboratories,  Inc.)  was 
diluted  1:300  (0.13  /rg/ml  in  PBS  containing  0.1%  BSA,  pH  7.4)  and 
reacted  for  120  min  at  37  C.  Slides  were  incubated  in  biotinylated  an¬ 
timouse  IgG  (Vector  Laboratories,  Inc.,  Burlingame,  CA)  for  15  min  at 
37  C  (1:200  in  PBS,  pH  7.4)  and  in  horseradish  peroxidase-conjugated 
avidin-biotin  complex  (Vector  Laboratories,  Inc.)  for  15  min  at  37  C  (1 :100 
in  PBS,  pH  7.4).  The  immunoperoxidase  complexes  were  visualized 
using  DAB  for  8  min  at  37  C  (0.75  mg/ml  in  Tris  buffer  containing  0.003% 
hydrogen  peroxide,  pH  7.6).  Slides  were  counterstained  with  hematox¬ 
ylin  (Gill's  formula,  1:6  dilution,  Fisher  Scientific  International,  Inc.)  for 
12  sec. 

Monoclonal  antibody  MIB-1  (Oncogene  Science,  Inc.,  Cambridge, 
MA)  reacts  with  the  cell-cycle-associated  antigen  Ki-67  that  is  highly 
expressed  during  the  proliferative  phases  (G,,  S,  G2,  and  M)  but  is  absent 
in  the  resting  phase  (G„)  of  the  cell  cycle.  Ki-67  staining  was  performed 
at  an  IgG  concentration  of  0.5  fJ-g/ml  (1:50).  All  other  steps  were  as 
described  for  AR  immunostaining. 

Formalin-fixed,  paraffin-embedded  sections  (6  fim)  of  human  pros¬ 
tate  tissue  were  prepared  for  IGFBP-5  immunostaining  with  antihuman 
IGFBP-5  IgG  monoclonal  antibody  (Austral  Biologicals)  using  a  1:50 
dilution  (2  /ng/ml  in  PBS).  The  antigen  retrieval  method  was  as  described 
above  for  AR  and  Ki-67.  Twenty  tissue  blocks  each  from  benign  prostatic 
hyperplasia  (BPH)  and  androgen-dependent  CaP  and  fifteen  blocks 
from  androgen-independent  CaP  were  obtained  for  study.  Tissue  spec¬ 
imens  of  BPH  and  androgen-dependent  CaP  usually  contained  areas  of 
prostatic  intraepithelial  neoplasia  (PIN). 

A  second  immunostaining  procedure  to  identify  basal  epithelial  cells 
was  performed  to  distinguish  between  CaP  and  prostatic  intraepithelial 
neoplasia  (PIN)  and  BPH.  Basal  epithelial  cells  in  all  BPH  and  the 
majority  of  PIN  specimens  stain  positive  for  the  high  molecular  weight 
cytokeratins  whereas  CaP  does  not  contain  cytokeratin-positive  basal 
cells  (26).  Following  elution  with  glycine  buffer  (pH  2.3)  to  remove 
unreacted  antibody,  all  slides  were  incubated  with  1.7  Mg/ml  34-j8-E12 
anti-cytokeratin  IgG  monoclonal  antibody  (Enzo  Diagnostics,  Inc., 
Farmingdale,  NY)  for  15  min  at  42  C.  Antibody  reaction  was  visualized 
using  3-amino-9-ethylcarbazole  (AEC,  BioGenex  Laboratories,  Inc.). 

Quantitative  analysis  of  IGFBP-5  immunostaining 

Image  acquisition.  Imaging  hardware  consisted  of  a  Zeiss  Axioskop  mi¬ 
croscope  (Carl  Zeiss,  Inc.,  Thornwood,  NY),  a  3-chip  CCD  camera 
(C5810,  Hamamatsu  Photonics  Inc.,  Hamamatsu,  Japan)  and  camera 
control  board  (Hamamatsu  Photonics  Inc.)  and  a  Pentium-based  per¬ 
sonal  computer.  Optical  settings  were  calibrated  using  procedures  de¬ 
scribed  previously  (27).  Images  were  sampled  throughout  histologic 
sections  but  areas  that  contained  necrosis,  preparation  artifacts  or  the 
edges  of  sections  were  avoided .  Three  representative  fields  of  view  were 
digitized  for  each  histologic  tissue  type  (as  identified  by  a  pathologist): 
androgen-dependent  CaP  (n  =  20),  androgen-independent  CaP  (n  =  15), 
PIN  (n  =  20)  or  BPH  (n  =  20)  for  a  total  of  75  prostatectomy  specimens. 
Each  field  of  view  for  IGFBP-5-stained  slides  was  digitized  at  total 
magnification  600X  using  a  20x  dry  objective  (numerical  aperture  [NA] 
=0.6).  A  digitized  image  consisted  of  512  by  480  pixels  in  16.7  million 
color  modes  (but  equivalent  to  256  grayscale  levels). 

Digital  image  arwlysis.  Immunopositive  cells  were  recognized  by  intense 
cytoplasmic  staining  for  IGFBP-5  in  malignant  glands  and  weak  homo¬ 
geneous  staining  with  focal  intense  staining  in  PIN.  An  automatic  image 
analysis  algorithm  was  developed  based  on  these  immunostaining  fea¬ 
tures.  Segmentation  of  glandular  areas  was  done  using  a  convolution  of 
Gaussian  function  with  so  of  10  pixels  and  an  adaptive  local  thresh¬ 
olding  (28).  Once  the  glandular  area  was  segmented,  a  classification 
operation  was  performed  to  detect  image  pixels  representing  intense 
IGFBP-5  staining.  Percent  (%  positivity)  of  the  immunopositive  area 
within  the  segmented  glandular  area  was  measured. 

Statistical  analysis.  IGFBP-5  positive  areas  in  BPH,  PIN,  and  cancer  spec¬ 
imens  are  expressed  as  the  mean  ±  se.  Results  were  compared  statis¬ 
tically  by  ANOVA.  Significant  differences  among  the  means  were  de¬ 
termined  using  Fisher's  test  with  P  <  0.05. 


Results 

AR  protein  in  nuclei  of  tumor  epithelial  cells,  as  measured 
by  immunohistochemistry,  was  similar  in  the  androgen-de¬ 
pendent  CWR22  and  CWR22  tumors  that  recurred  several 
months  after  castration  (Fig.  1). 

IGFBP  expression  in  CWR22  was  examined  by  Northern 
hybridization  of  total  RNA  (Fig.  2A).  IGFBP-2,  -3,  -5,  and  -6 
mRNAs  were  detected  as  single  bands  of  1.8,  2.6,  6.0,  and  1.4 
kb,  respectively.  IGFBP-1  mRNA  was  not  detected,  and 
IGFBP-4  mRNA  gave  a  weak  hybridization  signal.  Of  the 
IGFBP  mRNAs  expressed  in  CWR22,  only  IGFBP-5  was  an¬ 
drogen  regulated.  IGFBP-5  mRNA  was  decreased  by  90%  at 
6  and  12  days  after  castration  of  CWR22-bearing  mice  and 
treatment  with  testosterone  increased  IGFBP-5  mRNA  10-12 
fold  within  24  h  (Fig.  2,  A  and  B).  Proliferation  of  tumor  cells, 
measured  by  Ki-67  immunohistochemistry,  was  reduced  in 
the  6-day  castrate  to  1%  of  the  intact,  was  increased  4-fold  at 
24  h  and  40-fold  after  48  h  of  testosterone  replacement  (Table 
1).  Cyclohexamide  treatment  (2.3  mg/mouse  injected  ip  3  h 
before  tumor  removal)  of  6  day  castrated  CWR22-bearing 
mice  did  not  change  the  level  of  IGFBP-5  mRNA,  suggesting 
that  message  stability  was  not  altered  by  androgen  with- 


Fig.  1.  AR  protein  levels  are  similar  in  CWR22  and  recurrent  CWR22 
tumors.  Immunohistochemical  staining  for  AR  was  performed  on 
paraffin-embedded  sections  of  CWR22  tumors.  A,  CWR22  tumor  from 
intact,  androgen-stimulated  male  mouse;  B,  recurrent  CWR22  tumor 
from  mouse  150  days  post  castration. 
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Fig.  2.  IGFBP-5  mRNA  is  androgen- 
regulated  in  CWR22  tumors.  A,  North¬ 
ern  blot  analysis  was  performed  using 
total  RNA  (10  (xg/lane)  prepared  from 
CWR22  tumors  from  intact,  androgen- 
stimulated  mice  (CWR22),  animals  cas¬ 
trated  6  days  earlier  (6d  CX),  6d  CX 
animals  supplemented  with  testoster¬ 
one  propionate  (TP)  (0.1  mg/animal  sc) 
for  24  or  72  h,  a  6d  CX  treated  with 
sesame  oil  vehicle  (VEH),  animals  cas¬ 
trated  12  days  earlier  (12d  CX),  12  d  CX 
animals  treated  with  TP  for  48  h,  and 
recurrent  CWR22  tumors  (CWR22R). 
Blots  were  hybridized  with  ®^P-labeled 
cDNAs  for  IGFBPs  1-6.  B,  Quantita¬ 
tion  of  IGFBP-5  mRNA  from  Northern 
blots. 
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TABLE  1.  Cellular  proliferation  in  CWR22  tumors 


Tumors 

Labeling  index 
(%  Ki-67  positive  cells) 

Intact  CWR22  (n  =  12) 

79.4  ±  3.6 

6  day  CX  (n  =  6) 

0.8  ±  0.5 

6  day  CX  4-  TP  24  h  (n  =  4) 

4.5  ±  0.42 

6  day  CX  -H  TP  48  h  (n  =  4) 

31.0  ±  6.7 

6  day  CX  -1  TP  72  h  (n  =  2) 

34.3  ±  5.8 

Recurrent  CWR22  (n  =  12) 

67.1  ±  3.3 

Values  are  the  mean  ±  sem  derived  from  manual  counts  of  300 
cells/tumor  section.  CX,  Castrate. 


drawal  (data  not  shown).  In  CWR22  tumors  that  recurred 
4-6  months  after  castration,  IGFBP-5  mRNA  was  increased 
severalfold  higher  than  in  CWR22  tumors  from  6-  and  12-day 
castrate  mice  and  similar  to  levels  in  CWR22  tumors  from 
intact,  androgen-stimulated  mice. 

IGFBP-5  mRNA  expression  in  CWR22  CaP  tumors  was 
analyzed  further  by  ISHH  to  determine  the  effects  of  an¬ 


drogen  withdrawal  and  replacement  on  expression  in  in¬ 
dividual  tumor  cells.  IGFBP-5  mRNA  was  uniformly  ex¬ 
pressed  in  the  CWR22  tumor  from  an  intact,  androgen- 
stimulated  mouse  with  hybridization  of  the  antisense 
riboprobe  in  75-80%  of  epithelial  cells  (Fig.  3A).  In  tumors 
removed  6  days  after  castration,  relatively  few  epithelial 
cells  were  positive,  and  immunostaining  of  the  riboprobe 
was  weaker  (Fig.  3B).  Treatment  of  6  day  castrate  animals 
with  testosterone  propionate  restored  IGFBP-5  mRNA  in 
90-95%  of  the  epithelial  cells  within  24  h  (Fig.  3C).  In  a 
tumor  that  recurred  several  months  following  castration, 
IGFBP-5  mRNA  was  detected  in  approximately  50%  of  the 
epithelial  cells  (Fig.  3D)  despite  the  absense  of  testicular 
androgen.  Compared  with  tumor  tissue  from  the  6-day 
castrate  mouse,  both  the  number  of  cells  expressing 
IGFBP-5  mRNA  and  the  intensity  of  the  signal  increased 
markedly.  In  contrast  to  the  epithelial  cell  expression  of 
IGFBP-5  in  CWR22,  in  prostate  specimens  from  patients 


2376 


AK  UP-REGULATES  IGFBP-5 


Endo  •  1999 
Vol  140  •  No  6 


Fig.  3.  /rasi'iu  hybridization  of  IGFBP- 
5  in  CWR22  demonstrates  a  pattern  of 
IGFBP-5  regulation  similar  to  that  ob¬ 
served  by  Northern  analysis.  Paraffin 
sections  of  CWR22  tumors  were  hybrid¬ 
ized  with  a  biotin-labeled  IGFBP-5  an¬ 
tisense  riboprobe.  Seventy-five  to  80% 
of  epithelial  cells  in  CWR22  tumors  ex¬ 
press  IGFBP-5  mRNA  (A),  with  a  de¬ 
crease  in  IGFBP-5  mRNA  at  6  days  CX 
(B).  Testosterone  propionate  (0.1  mg/ 
animal  sc)  replacement  for  24h  in¬ 
creases  IGFBP-5  mRNA  in  6  day  CX 
animals  (C)  and  50-75%  of  epithelial 
cells  in  recurrent  CWR22  tumors  are 
positive  for  IGFBP-5  mRNA  (D).  Mouse 
liver  served  as  a  negative  control,  with 
IGFBP-5  riboprobe  (E)  and  without 
IGFBP-5  riboprobe  (F).  Scale  bar, 
(50  p,m). 


with  CaP,  IGFBP-5  mRNA  localized  to  the  stromal  com¬ 
ponent  in  areas  containing  BPH  and  CaP  (Fig.  4). 

To  determine  the  influence  of  androgen  on  expression  of 
IGFBP-5  protein,  immunoblot  and  ligand  blot  analyses  were 
made  of  protein  extracts  from  androgen-dependent  CWR22 
tumors  before  and  after  castration  and  from  the  recurrent 
CWR22.  Western  immunoblotting  for  IGFBP-5  revealed  a 
doublet  of  33-35  kDa,  the  upper  band  being  the  glycosylated 
form  (10)  (Fig.  5).  IGFBP-5  protein  decreased  following  cas¬ 
tration  and  increased  in  response  to  androgen  replacement 


at  6  and  12  days  post  castration.  These  changes  paralleled  the 
androgen-regulated  changes  in  mRNA  expression  described 
above.  Moreover,  IGFBP-5  protein  levels  in  the  recurrent 
tumor  were  3-  to  4-fold  higher  than  in  CWR22  tumors  from 
12-day  castrate  mice  and  similar  to  levels  in  protein  extracts 
of  CWR22  tumors  from  the  intact,  testosterone-stimulated 
mice.  IGFBP-5  protein  from  CWR22  and  recurrent  CWR22 
bound  ^^^I-IGF-I  in  Western  ligand  blot  analyses  (Fig.  6) 
demonstrating  the  protein  is  functional  with  respect  to  IGF-I 
binding.  In  the  recurrent  tumors,  compared  with  the  andro- 
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Fig.  4.  IGFBP-5  mRNA  is  localized  to  stromal  cells  in  human  BPH 
and  CaP.  In  situ  hybridization  histochemistry  for  IGFBP-5  was  per¬ 
formed  on  parafBn-embedded  sections  of  BPH  (A)  and  androgen- 
independent  CaP  (B).  IGFBP-5  mRNA  (arrow  designates  IGFBP-5 
positivity)  is  localized  to  stroma  associated  with  benign  and  malig¬ 
nant  glands. 

gen-stimulated  tumors  from  intact  mice,  the  ratio  of  immu- 
noreactive  to  ligand-bound  IGFBP-5  appeared  higher  than  in 
CWR22  suggesting  ligand-binding  activity  may  be  reduced 
in  the  recurrent  tumor. 

Androgen-regulated  IGFBP-5  expression  in  the  human 
CaP  xenograft  led  us  to  determine  if  there  are  changes  in 
IGFBP-5  associated  with  neoplastic  transformation  from 
BPH  to  androgen-dependent  CaP  to  androgen-independent 
CaP.  BPH  usually  contained  regions  of  prostatic  intraepi¬ 
thelial  neoplasia  (PIN).  Immunohistochemical  staining  of 
IGFBP-5  protein  was  increased  in  epithelial  cells  of  andro¬ 
gen-dependent  and  androgen-independent  CaP  (Fig.  7,  C-F) 
compared  with  BPH  and  PIN  (Fig.  7,  A  and  B),  (Fig.  8). 

Discussion 

Our  results  demonstrate  AR  regulation  of  IGFBP-5  mRNA 
and  protein  expression  in  CWR22,  a  xenograft  that  exhibits 


Fig.  5.  IGFBP-5  protein  expression  correlates  with  IGFBP-5  RNA 
expression.  CWR22  tumor  lysates  were  prepared  and  100  (xg  aliquots 
were  subjected  to  gel  electrophoresis  and  electroblotting  to  Immo- 
bilon.  Membranes  were  incubated  with  IGFBP-5  monoclonal  antibody 
and  detected  by  enhanced  chemiluminescence.  IGFBP-5  protein  was 
detected  as  a  doublet  of 33-35  kDa.  Similar  results  were  obtained  with 
two  to  three  different  tumors  at  each  treatment  point. 


Fig.  6.  Immunoreactive  IGFBP-5  binds  IGF-I.  Western  blots  of  ly¬ 
sates  from  CWR22  tumors  were  analyzed  by  Western  ligand  blotting 
using  ^^®I-IGF-I  as  a  probe.  Changes  in  IGF-I  binding  following  cas¬ 
tration  of  CWR22-bearing  mice  were  similar  in  repeated  experiments 
with  two  or  three  different  tumors  at  each  treatment  point. 

the  androgen-dependent  human  CaP  phenotype.  Androgen 
withdrawal  from  CWR22  tumors  caused  a  marked  decrease 
in  IGFBP-5  mRNA  and  androgen  replacement  in  castrated 
CWR22-bearmg  animals  increased  IGFBP-5  mRNA  10-  to 
12-fold  within  24  h.  The  increase  in  IGFBP-5  following  an¬ 
drogen  stimulation  occurred  before  the  major  increase  in  cell 
proliferation,  as  measured  by  Ki-67  immunohistochemistry. 
Expression  of  IGFBP-5  mRNA  and  protein  increased  in  the 
recurrent  CWR22  tumors  despite  the  absence  of  testicular 
androgen. 

In  situ  hybridization  analysis  confirmed  the  results  ob¬ 
tained  by  Northern  blotting  and  demonstrated  uniform  ex¬ 
pression  of  IGFBP-5  mRNA  in  CWR22  epithelial  cells. 
IGFBP-5  protein  was  expressed  in  parallel  with  mRNA  and 
was  active  in  binding  ^"I-IGF-I  in  ligand  blot  assays.  How¬ 
ever,  the  ratio  of  ^^®I-IGF-I  bound  relative  to  the  amoimt  of 
immunoreactive  IGFBP-5  appeared  lower  in  the  recurrent 
tumor  than  in  CWR22  from  intact,  androgen-stimulated 
mice.  Immunohistochemical  analysis  of  IGFBP-5  protein  in 
human  CaP  tissue  specimens  demonstrated  stronger  iiiunu- 
nostaining  in  CaP  compared  with  BPH.  The  epithelial  cell 
expression  of  IGFBP-5  mRNA  and  protein  in  CWR22  differed 
from  expression  in  clinical  CaP  tissue  samples  where 
IGFBP-5  mRNA  was  predominantly  in  stromal  cells.  CaPs  in 
general  contain  variable  amoimts  of  stroma,  whereas  C  WR22 
tumors  are  composed  of  xenografted  epithelium  and  contain 
only  small  amounts  of  murine  stroma.  Nonetheless,  in  CaP 
tissue  samples  from  patients  as  in  CWR22,  IGFBP-5  protein 
was  associated  with  epithelial  cells. 

Our  findings  in  CaP  tissue  samples  from  patients  agree 
with  results  of  an  earlier  study  of  radical  prostatectomy 
specimens  in  which  IGFBP-5  ml^A  was  higher  in  CaP  than 
in  BPH.  IGFBP-5  mRNA  localized  to  stromal  cells  surround- 


2378 


AR  UP-REGULATES  IGFBP-5 


Enclo  •  1999 
Vol  140  •  No  5 


Fig.  7.  IGFBP-5  protein  expression  increases  in  CaP.  Paraffin-embedded  sections  of  human  prostate  tissue  containing  BPH  and  PIN  and 
tumor  specimens  of  androgen-dependent  (ADCaP)  and  androgen-independent  CaP  (AlCaP)  were  double-stained  with  IGFBP-5  and 
anticytokeratin  antisera.  There  were  20  prostate  specimens  with  BPH,  20  with  PIN,  20  with  androgen-dependent  CaP,  and  15  with 
androgen-independent  CaP.  BPH  was  cytokeratin  positive  and  only  weakly  positive  for  IGFBP-5  (A)  while  PIN  specimens  had  decreased 
cytokeratin  and  slightly  increased  IGFBP-5  staining  (B).  Epithelial  cells  in  androgen-dependent  CaP  (AD-CaP,  Gleason  scores  of  4-7) 
(C  and  D)  and  androgen-independent  CaP  (Al-CaP,  Gleason  scores  8-10)  (E  and  F)  showed  stronger  IGFBP-5  immunostaining  compared 
with  BPH  and  PIN. 


ing  acinar  structures,  whereas  the  protein  was  associated 
with  cell  membranes  of  epithelium  and  stroma  (29).  The 
increased  epithelial  cell  expression  of  IGFBP-5  mRNA  and 
protein  in  CWR22  suggests  these  cells  have  compensated  for 
loss  of  human  stroma  by  increasing  expression  of  IGFBP-5 
that  could  function  to  stimulate  epithelial  cells  in  an  auto¬ 


crine  rather  than  a  paracrine  mode.  The  elevated  IGFBP-5 
expression  in  CaP  glands  compared  with  BPH  implicates 
IGFBP-5  in  the  growth  and  progression  of  CaP.  Figueroa  et 
al.  (30)  found  fhat  mRNAs  for  IGFBP-5  and  -2  were  higher 
in  CaP  with  higher  Gleason  scores  while  IGFBP-3  was  lower, 
suggesting  differential  expression  of  these  IGFBPs. 
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Fig.  8.  Quantitation  of  immunohisto- 
chemical  staining  of  IGFBP-5.  IGFBP-5 
immunostaining  was  quantitated  using 
video  image  analysis.  Plotted  values 
represent  the  mean  ±  SB,  *  increased 
IGFBP-5  staining  in  comparison  with 
BPH  (P  <  0.0005). 


0.35 


BPH  PIN  AD-CaP  Al-CaP 


IGFBPs  regulate  target  cell  availability  of  IGFs  for  in¬ 
teraction  with  IGF  receptors.  Six  IGFBPs  have  been  de¬ 
scribed  (IGFBP-1-6)  (10, 12).  IGFBP-1,  -3,  -4,  and  -6  inhibit 
IGF  action  in  most  systems  studied,  whereas  IGFBP-2  and 
-5  can  potentiate  IGF-I  functions.  A  carboxy-truncated 
form  of  IGFBP-5  stimulated  mitogenesis  of  cultured  os¬ 
teoblasts  (11).  Thus,  AR-stimulated  expression  of  IGFBP-5 
in  CaP  might  enhance  IGF-I  action  and  tumor  growth. 
IGFBP-5  binds  specifically  to  plasminogen  activator  in¬ 
hibitor-!  and  to  other  components  of  the  extracellular  ma¬ 
trix  in  several  cell  and  tissue  types  (31).  Plasminogen  ac¬ 
tivator-inhibitor-1  binding  partially  protects  IGFBP-5 
from  proteolysis  in  vitro  and  may  thereby  regulate 
IGFBP-5  activity.  The  serine  protease  thrombin  cleaves 
IGFBP-5  at  physiological  concentrations,  thereby  releasing 
IGF-I  and  increasing  its  bioavailability  (32). 

Previous  studies  on  the  regulation  of  IGFBP-5  have  been 
largely  confined  to  cell  lines.  Both  IGF-I  and  IGF-II  increase 
IGFBP-5  production  (33-35).  In  some  cell-types,  IGF  in¬ 
creases  secretion  of  IGFBP-5  without  detectable  changes  in 
mRNA  (34-37),  whereas  in  other  cell  types  (33,  37),  mRNA 
levels  and  secretion  of  IGFBP-5  are  increased.  More  recently, 
androgen  was  foxmd  to  enhance  the  stimulatory  effect  of 
IGF-I  on  IGFBP-5  mRNA  and  protein  in  cultured  human 
genital  skin  fibroblasts  (38).  Androgen  induction  was  at  the 
transcriptional  level  as  shown  by  nuclear  run-on  assays  and 
analysis  of  IGFBP-5  promoter  activity  (39).  Because  the  AR 
is  also  expressed  in  stromal  fibroblasts  of  human  CaP,  this 
observation  suggests  that  androgen  is  likely  also  to  enhance 
the  stromal  cell  production  of  IGFBP-5.  Other  factors,  how¬ 
ever,  have  been  reported  to  contribute  to  IGFBP-5  regulation, 
including  cAMP  (40),  1,25-dihydroxyvitamin  Dg,  PTH  (35), 
interleukin-la  (36),  transforming  growth  factor-j3  (41),  and 
retinoic  acid  (40,  41).  The  human  IGFBP-5  gene  is  on  chro¬ 
mosome  2q  33-34  and  consists  of  4  exons.  Promoter  activity 
resides  in  the  461  bp  5'  flanking  region  (42,  43).  In  cotrans¬ 
fection  assays,  Duan  and  Clemmons  (43)  observed  cell-type 
specific  induction  of  promoter  activity  with  forskolin  and 
foimd  that  AP-2  contributed  to  the  cAMP  responsiveness  of 
this  gene. 


In  the  recurrent  CWR22  tumors,  IGFBP-5  expression  is 
increased  through  a  mechanism  that  remains  to  be  deter¬ 
mined.  We  have  identified  several  mRNAs  that  are  up-reg¬ 
ulated  by  androgen  in  the  androgen-dependent  CWR22,  and 
these  are  also  up-regulated  in  the  recurrent  tumor,  whereas 
the  levels  of  most  mRNAs  that  are  not  androgen-regulated 
remain  unchanged  in  the  recurrent  CWR22  (44).  This  obser¬ 
vation  suggests  that  androgen-regulated  genes  are  up-reg¬ 
ulated  in  the  recurrent  tumor  by  a  common  mechanism. 
Because  AR  expression  is  abundant  in  the  recurrent  tumor, 
one  possibility  is  that  AR  becomes  reactivated  in  the  recur¬ 
rent  tumor  despite  the  absence  of  testicular  androgen.  An¬ 
drogen-independent  activation  of  AR  has  been  reported  in 
CaP  cell  lines.  Using  PC-3  cells  transiently  cotransfected  with 
AR  and  a  reporter  gene,  Nazareth  and  Weigel  (45)  found  that 
AR  was  transcriptionally  activated  by  forskolin,  an  activator 
or  protein  kinase  A.  In  similar  assays  using  DU-145  cells, 
Culig  et  al.  (46)  reported  that  IGF-I  alone  stimulated  AR- 
mediated  gene  transcription  to  the  same  extent  as  did  the 
synthetic  androgen  methyltrienolone.  In  their  study,  IGF-I 
was  a  more  effective  activator  of  AR  than  either  keratinocyte 
growth  factor  or  epidermal  growth  factor.  However,  in  CV-1 
cells,  Reinikainen  et  al.  (47),  using  a  different  reporter  vector 
and  transfection  method,  found  IGF-I  and  EGF  increased  AR 
transactivation  only  in  the  presence  of  androgen.  Similarly, 
LNCaP  cells  required  dihydrotestosterone  in  addition  to 
IGF-1  for  growth  stimulation. 

IGF-I  is  known  to  stimulate  CaP  cell  growth  (4)  and  might 
be  potentiated  by  IGFBP-5.  Thus,  androgen-stimulated 
IGFBP-5  could  increase  the  growth  effects  of  IGF-I  in  andro¬ 
gen-dependent  CWR22.  A  similar  effect  could  result  from 
increased  expression  of  IGFBP-5  in  recurrent  CWR22.  Type 
I  IGF  receptor  mRNA  is  expressed  in  both  the  androgen- 
dependent  CWR22  and  recurrent  CWR22  tumors.  The 
growth-promoting  effect  of  IGF-I  is  modulated  by  IGFBP-3, 
which  binds  IGF-I  and  reduces  its  effect  on  epithelial  cells. 
However,  proteolysis  of  IGFBP-3  lowers  its  affinity  for  IGF-I 
(12).  The  IGFBP-3  proteases,  prostate-specific  antigen  (PSA) 
and  human  kaIlikrien-2  (hK2)  are  AR-induced  genes  (48)  that 
degrade  IGFBP-3  (12,  49)  and  could  thereby  increase  IGF-I 
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stimulation  of  cell  proliferation.  PSA  and  hK2  are  up-regu- 
lated  by  androgen  in  the  androgen-dependent  CWR22.  Their 
expression  is  also  increased  in  the  recurrent  CWR22  (44). 
Thus  AR-induced  increases  in  IGFBP-5,  PSA,  and  hK2  might 
act  in  concert  to  potentiate  IGF-I  stimulation  of  cell  growth 
both  in  androgen-dependent  and  androgen-independent 
CaP. 
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ABSTRACT 


Human  prostate  cancer  is  initially  dependent  on  androgens  for  growth  and  androgen- 
dependent  cells  undergo  apoptosis  after  castration.  However,  a  subset  of  androgen- 
responsive  cells  survives  and  eventually  proliferates  in  the  absence  of  testicular  androgen. 
The  high  levels  of  androgen  receptor  in  both  androgen-dependent  and  recurrent  tumors 
led  us  to  investigate  androgen  regulation  of  cell  cycle  proteins  in  human  prostate  cancer 
using  the  CWR22  xenograft.  Cellular  proliferation  decreased  dramatically  in  CWR22 
tumors  after  castration.  Testosterone  propionate  (TP)  treatment  of  castrate  mice  restored 
cellular  proliferation  after  24-48  h.  Growth  of  CWR22  tumors  in  the  absence  of 
testicular  androgen  recurred  several  months  after  castration.  CDKl  and  2  and  cyclin  A 
and  B1  mRNAs  were  decreased  6  days  after  castration,  increased  6-12  h  after  TP 
treatment  and  were  expressed  at  high  levels  in  recurrent  CWR22  tumors.  Co- 
immunoprecipitated  cyclin  Bl/CDKl  and  cyclin  D1/CDK4  protein  complexes  decreased 
after  castration  and  increased  after  TP  treatment  of  castrate  mice.  In  addition,  CDKl  and 
2  kinase  activities  were  up  regulated  by  androgen  in  parallel  with  hyperphosphorylation 
of  Rb  protein.  Despite  the  absence  of  testicular  androgen  in  recurrent  CWR22,  the  levels 
of  these  androgen  regulated  cyclin/CDK  protein  complexes  and  hyperphosphorylation  of 
Rb  were  equal  to  or  greater  than  in  tumors  fix)m  intact  mice.  The  results  indicate  that 
androgen  receptor  regulates  cellular  proliferation  by  control  of  CDK  and  cyclins  at  the 
transcripTionai  levetand  by'posttranslationarmo^fieations'inflUencing'ceireycle'^protein-- 
activity. 

Key  words:  prostate  cancer,  androgen  receptor,  cyclin,  cyclin-dependent  kinase, 
xenograft 
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INTRODUCTION 


Prostate  cancer  is  the  second  leading  cause  of  cancer  death  in  men  (Landis  et  al, 
1998).  During  the  initial  stages  of  prostate  cancer,  growth  of  malignant  epithelial  cells  is 
androgen-dependent  (Roy  et  al,  1999),  mediated  by  a  network  of  androgen  receptor  (AR) 
regulated  genes.  Androgen  deprivation  causes  apoptosis  of  prostate  cancer  epithelial 
cells,  resulting  in  tumor  regression,  however  prostate  cancer  eventually  recurs  in  the 
absence  of  testicular  androgen  (Isaacs,  1994).  AR  protein  expression  levels  are  similar  in 
androgen-dependent  and  recurrent  CaP  (DeVere  White  et  al,  1997;  Gregory  et  al,  1998) 
and  several  AR-regulated  genes  are  expressed  in  recurrent  prostate  cancer  (Gregory  et  al, 
1998),  suggesting  AR  has  a  role  in  mediating  recurrent  growth  of  prostate  cancer  in  the 
absence  of  testicular  androgen. 

AR  is  activated  by  androgen,  binds  to  specific  DNA  response  elements  and 
interacts  with  coactivators  to  control  gene  transcription,  thereby  regulating  development, 
function  and  gro’wth  of  the  prostate  (Roy  et  al,  1999;  Quigley  et  al,  1995).  In  the  adult 
prostate,  androgen  maintains  a  balance  between  cell  proliferation  and  cell  death.  AR 
mutations  in  prostate  cancer  can  alter  the  specificity  of  ligand  induced  transcriptional 
activation  (Veldscholte  et  al,  1990;  Culig  et  al,  1993;  Tan  etal,  1997). 


Cyolins,  cyclin-depeudeat  kinases  (GDKs)  and  CDK  inhibitors  regulate  cellular 
proliferation  and  progression  through  the  cell  cycle  (Nurse,  1994;  Hunter  and  Pines, 
1994).  Two  checkpoints  in  the  cell  cycle  have  been  characterized:  the  Gi-S  transition 
that  controls  initiation  and  completion  of  DNA  replication  in  S  phase,  and  the  G2-M 
transition  that  controls  mitosis  and  cell  division  (Hartwell  and  Weinert,  1989). 
Progression  through  the  cell  cycle  requires  activation  or  inactivation  of  cyclin/CDK 
complexes  at  or  before  these  checkpoints.  We  and  others  have  described  androgen 
regulation  of  CDKl,  CDK2,  CDK4,  kndCDKI  pl6  mRNAs  in  vivo  and  in  vitro,  using 
the  CWR22  human  prostate  cancer  xenograft  (Gregory  et  al,  1998)  and  the  LNCaP  cell 
line  (Lu  et  al,  1997). 
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CWR22  xenograft  tumors  represent  the  major  phenotype  of  human  prostate 
cancer  (Wainstein  et  al,  1994;  Nagabhushan  etal,  1996;  Tan  et  ai,  1997).  Tumors  depend 
upon  androgens  for  growth  and  after  castration  androgen-dependent  cells  undergo 
apoptosis.  However,  a  subset  of  androgen-responsive  (but  not  androgen-dependent)  cells 
survives  and,  after  several  months,  undergoes  proliferation  that  results  in  recurrent 
tumors  in  the  absence  of  testicular  androgen.  These  findings  led  us  to  investigate 
androgen  regulation  of  ceil  cycle  proteins  in  human  prostate  cancer  using  the  CWR22 
xenograft.  The  data  suggest  that  AR-regulated  expression  of  cell  cycle  genes  is 
responsible,  in  part,  for  tumor  cell  proliferation  not  only  in  androgen-dependent  tumors 
but  also  in  tumors  that  undergo  recurrent  gro’wth  in  the  absence  of  testicular  androgen. 


MATERIALS  AND  METHODS 


Transplantation  of  CWR22  Tumors 

Nude  mice  were  obtained  from  Harlan  Sprague  Dawley,  Inc.  (Indianapolis,  IN). 
CWR22  tumors  were  transplanted  into  nude  mice  containing  subcutaneous  testosterone 
pellets  (12.5  mg  sustained  release)  (Innovative  Research  of  America,  Sarasota,  FL)  to 
standardize  serum  testosterone  levels  (~4.0  ng/ml)  as  previously  described  (Wainstein  et 
al,  1994).  Intact  mice  bearing  androgen-stimulated  tumors  and  castrated  mice 
(testosterone  pellets  and  testes  removed)  carrying  regressed  or  recurrent  CWR22  tumors 
were  exposed  to  methoxyflurane  and  sacrificed  by  cervical  dislocation.  Testosterone 
replacement  of  castrates  was  performed  by  injecting  subcutaneously  1 .0  mg  testosterone 
propionate  (TP)  (Schein  Pharmaceuticals,  Inc.,  Port  Washington,  NY)  per  mouse. 

Tumors  were  harvested  rapidly  and  frozen  in  liquid  nitrogen  or  fixed  in  10%  buffered 
formalin  for  paraffin  embedding.  All  procedures  used  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  of  the  University  of  North  Carolina  at  Chapel  Hill. 

DNA  Fragmentation  Analysis 

Genomic  DNA  for  fragmentation  analysis  was  prepared  as  described  previously 
(Strauss, 4-998)  witlf  slfght  modificationsr  100  mg  of  timior  tissue  was  pulverized  under 
liquid  nitrogen  with  mortar  and  pestle  and  resuspended  in  1.5  ml  digestion  buffer  (100 
mM  NaCl,  10  mM  Tris-HCl,  25  mM  EDTA,  pH  8.0,  0.5%  sodium  dodecyl  sulfate,  0.1 
mg/ml  proteinase  K).  Samples  were  agitated  at  37°C  overnight.  Samples  were  treated 
with  0.75  mg  RNase  A  and  incubated  for  4  h  at  37°C.  DNA  was  extracted  twice  with 
phenol:chloroform;isoamyl  alcohol  (25:24:1)  and  once  with  chloroform,  followed  by 
precipitation  with  ethanol  at  -80°C  overnight.  DNA  was  collected  by  centrifugation  at 
13,000xg  for  10  min.  The  pellet  was" recovered  in  TE  (10  mM  Tris-HCl,  0.1  mM  EDTA, 
pH  8.0)  and  incubated  at  65°C  for  30  min  to  dissolve  the  DNA.  DNA  (500  ng)  was  3' 
end-labeled  with  [^^P]-ddATP  and  terminal  deoxynucleotide  transferase  (Roche 
Biomedical,  Indianapolis,  IN)  as  previously  described  (Tilley  and  Hsueh,  1993).  10  pi  of 
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the  labeled'samples  were  resolved  on  2%  agarose  gels  by  electrophoresis  for  2.5  h  at  4 
V/cm  in  IX  TBE  solution  (89  mM  Tris  base,  89  mM  boric  acid,  2  mM  EDTA).  Gels 
were  dried  and  exposed  as  autoradiographs  for  15-30  min. 

In  Situ  Apoptosis  Detection 

CWR22  xenograft  tumors  from  intact  and  castrated  mice  were  stained  for 
apoptosis  using  the  TdT-mediated  dUTP-X  nick  end  labeling  (TUNEL)  technique  and  the 
ApopTag  Plus  In  Situ  Apoptosis  Detection  Kit-Fluorescein  (Oncor  Inc.,  Gaithersburg, 
MD),  and  for  total  DNA  content  with  propidium  iodide  (PI)  counterstain.  Briefly,  10  pm 
cryosections  were  mounted  on  Superfrost®/Pius  microscope  slides  (FisherScientific, 
Pittsburgh,  PA),  fixed  in  10%  neutral  buffered  formalin  for  10  min  at  room  temperature, 
and  post-fixed  in  ethanohacetic  acid  (2:1)  for  5  min  at  -20°C.  Sections  were  equilibrated 
and  incubated  with  terminal  deoxynucleotidyl  transferase  (TdT)  enzyme  at  37°C  for  Ih. 
Digoxigenin-nucleotide-labeled  DNA  was  detected  by  incubation  with  anti-digoxigenin- 
fluorescein  at  room  temperature  for  30  min.  Positive  control  slides  were  5  pm  thick 
sections  of  mouse  mammary  glands  obtained  at  the  fourth  day  after  weaning.  Negative 
controls  were  tumor  sections  that  were  not  incubated  with  the  TdT  enzyme.  Control 
sections  showed  no  fluorescein-stained  cells.  Reactive  cells  were  viewed  by  epi- 
fluorescence  at  494  nm  using  both  20X  and  40X  objectives  and  a  Nikon  Microphot  FXA, 
-microscope:'  " . ^  ■  -  ■■ — -  , 

Ribonuclease  (RNase)  Protection  Assay 

Total  RNA  was  isolated  from  CWR22  tumors  as  described  (Chirgwin  et  al,  1979). 
The  RiboQuant™  Multiprobe  RNase  Protection  Assay  System  (PharMingen,  San  Diego, 
CA)  was  used  to  quantitate  mRNA  transcripts  for  CDKl,  2  and  4  and  cyclins  A,  Bl,  Dl, 
E,  and  F.  10  pg  of  total  RNA  from  each  of  the  CWR22  tumors  was  hybridized  with  the 
radiolabeled  hCC-1,  h-CYC-1,  and  hCYG-2  multi-probe  template  sets  (PharMingen) 
according  to  the  manufacturer’s  instructions.  Following  RNase  treatment,  protected 
probes  were  resolved  on  5%  polyacrylamide  sequencing  gels  followed  by  exposure  of  the 
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dried  gel  to  BioMax™  MR  film  (Kodak)  overnight  at  -80°C.  Quantitation  of  mRNA 
levels  for  the  CDK,  cyclin  and  CDKI  genes  was  performed  by  scanning  autoradiographs 
'  with  an  Ultroscan  XL  Laser  Densitometer  (LKB,  Uppsala,  Sweden).  RNA  loading 
differences  were  normalized  by  scanning  the  GAPDH  bands  and  standardizing  band 
intensities  for  all  autoradiographs. 

Immunohistochemical  Analysis  of  Ki-67 

Formalin-fixed,  paraffin-embedded  sections  of  tumor  tissue  were  subjected  to 
antigen  retrieval  for  all  antibodies  described.  Briefly,  after  deparaffinization  and 
rehydration,  tissue  sections  were  heated  at  100°C  for  30  min  in  a  vegetable  steamer  in  the 
presence  of  antigen  retrieval  solution  (CITRA,  pH  6.0;  Biogenex,  San  Ramon,  CA). 
Sections  were  immunostained  with  the  MIB-l  monoclonal  antibody  (Oncogene, 
Cambridge,  MA)  to  detect  the  Ki-67  cellular  proliferation  antigen  at  an  IgG  concentration 
of  0.5  pg/ml  (1 :50).  Diaminobenzidine  was  used  to  detect  immunoperoxidase  antigen- 
antibody  reaction  products.  Ki-67  positivity  in  CWR22  tumors  was  quantitated  by 
manually  counting  300  nuclei  per  stained  section  to  determine  the  percent  of  cells 
stained. 

Western  Immunoblot  Analysis,  Immunoprecipitation  and  Kinase  Assays 

Whole  cell  lysates  were  prepared  from  frozen  CWR22  tumors.  Tumor  tissue  (100 
mg)  was  pulverized  in  liquid  nitrogen,  allowed  to  thaw  on  ice,  and  mixed  with  1  ml  RIPA 
buffer  with  protease  inhibitors  (PBS,  1%  NP40,  0.5%  sodium  deoxycholate,  0.1%  SDS, 
0.5  mM  phenylmethylsulfonyl  fluoride  (PMSF),  10  pM  pepstatin,  4  pM  aprotinin,  80  pM 
leupeptin,  and  5  mM  benzamidine).  Tissue  was  homogenized  on  ice  for  30  sec  using  a 
Biohomogenizer  (Biospec  Products,  Inc.,  Bartlesville,  OK).  Two  pi  of  0.2  M  PMSF 
were  added  and  the  homogenates  inctibated  30  min  on  ice.  Homogenates  were 
centrifuged  at  10,000xg  for  20  min  and  supernatants  were  collected  and  centrifuged  again 
to  prepare  the  final  lysates.  Supernatant  protein  (25-50  pg)  from  each  sample  was 
electrophoresed  in  12%  polyacrylamide  gels  containing  SDS,  followed  by  electroblotting 
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to  Immobilon-P  membrane  (Millipore  Corp.,  Bedford,  MA)  and  immunodetection. 

CDKl  (17),  CDK2  (M2)-G,  CDK4  (C-22),  cyciin  A  (H-432),  cyclin  B1  (GNSl),  cyclin 
D1  (A- 12),  and  Rb  (IF8)  antibodies  (Santa  Cruz  Biotechnology,  Inc.)  were  used  at  1 :2500 
or  1:5000  dilutions.  Secondary  antibodies  (horseradish-peroxidase  conjugated  anti¬ 
mouse,  anti-rabbit  or  anti-goat)  (Promega  Corporation,  Madison,  WI)  were  used  at 
1 : 10,000  dilutions.  Antigen-antibody  complexes  were  detected  using  enhanced 
chemiluminescence  (DuPont,  NEN  Research  Products,  Boston,  MA). 

To  examine  cyclin/CDK  complex  formation,  anti-CDK4  or  anti-cyclin  B 1 
antibodies  conjugated  to  protein  A-agarose  (Santa  Cruz  Biotechnology,  Inc.)  were  used 
to  immunoprecipitate  CWR22  protein  lysates  made  in  co-immunoprecipitation  buffer  (50 
mM  Tris-HCl,  pH  7.6,  150  mM  NaCl,  1  mM  EDTA,  0.1%  NP-40,  1  mM  DTT  and 
protease  inhibitors  as  described  above).  Prior  to  immimoprecipitation  with  specific 
antibody-agarose  conjugates,  samples  were  incubated  with  mouse  IgG-agarose  conjugate 
to  remove  IgG  from  the  lysates.  Following  immunoprecipitation  overnight  at  4°C  with 
constant  rotation  and  washing  in  co-immunoprecipitation  buffer,  immunoprecipitates 
were  analyzed  by  Western  blotting  with  the  appropriate  antiserum. 

CDKl,  CDK2  and  CDK4  kinase  assays  (Serrano  et  al,  1997)  were  performed  with 
anti-CDKl/CDK2/CDK4  immunoprecipitates  firom  CWR22  tumor  lysates. 

---'Hmmundpfecipit^^  w^^ashed-twice-in  kinase  buffeh  (20  mMTris-MGl^^jpH  8:0 

mM  MgCb,  ImM  EDTA,  ImM  DTT)  and  the  ^arose  beads  were  resuspended  in  25  }a1 

> 

kinase  buffer  containing  10  p,Ci  [y-^^P]  ATP  (3000  Ci/mmol),  1  fO-M  unlabeled  ATP,  and 
either  2.5  lag  histone  HI  or  1.5  pg  GST-Rb  fusion  protein  (epitope  corresponding  to 
amino  acids  769-921  of  mouse  origin,  Santa  Cruz  Biotechnology).  After  20  min  at  room 
temperature,  reaction  products  were  resolved  on  10%  polyacrylamide  gels  containing 
SDS,  which  were  dried  and  analyzed  by  autoradiography.  Relative  kinase  activities  were 
quantitated  using  a  LKB  densitometer hs  described  for  RNase  protection  assays. 
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RESULTS 


Androgen  regulation  of  cell  death  and  proliferation  in  CWR22  tumors  Mice 
bearing  CWR22  androgen-dependent  tumor  xenografts  were  castrated  and  tumors  were 
harvested  at  various  intervals  after  castration.  Apoptosis  in  CWR22  tumors  was 
monitored  by  TUNEL  staining  and  the  DNA  laddering  assay  (Figure  1).  24  hours  after 
androgen  withdrawal,  apoptotic  cells  were  detectable  and  the  number  of  dying  cells  and 
quantity  of  fi'agmented  DNA  increased  up  to  day  4  after  castration.  On  day  6  after 
castration,  apoptosis  decreased  and  remained  low  throughout  the  5 -month  interval  to 
tumor  recurrence.  Recurrent  tumors  had  relatively  low  levels  of  apoptosis.  Cellular 
proliferation  was  assessed  in  these  same  tumors  by  Ki-67  immunostaining  (Figure  2). 
Androgen-dependent  CWR22  tumors  were  highly  proliferative  (Figure  2 A)  and  cell 
division  decreased  to  a  low  level  within  6  days  after  castration  (Figure  2B).  Testosterone 
propionate  (TP,  1  mg/mouse)  replacement  of  6  day  castrated  mice  restored  cellular 
proliferation  after  24-48  hours  (Figure  2C-F).  CWR22  tumors  recurred  several  months 
after  castration,  beginning  as  individual  foci  of  proliferating  cells  at  120  days  after 
castration  (Figure  2G).  Recurrent  growth  of  CWR22  tumors  (Figure  2H)  resulted  from 
an  increase  in  the  cellular  proliferation:apoptosis  ratio. 


CDK  and  cyclin  mRNA  expression  in  CWR22  tumors  CWR22  tumor-bearing  mice 
-  were oastrated  and  after  6  days  were  tieated  with  1  mg  TP  for  d;'12,  18,  24,  or  48  hours:  ■ 
Tumors  were  harvested  and  RNA  was  prepared  for  ribonuclease  (RNase)  protection 
analysis.  CDKl  and  CDK2  mRNAs  were  decreased  10-  and  5-fold,  respectively,  on  day 
6  after  castration  and  remained  low  on  days  12  and  120  after  castration  (Figure  3).  Both 
were  increased  within  6-12  hours  of  TP  treatment;  CDKl  reached  maximum  expression 
after  48  hour  TP  and  CDK2  after  24  hour  TP  treatment.  CDKl  and  2  mRNAs  were 
expressed  at  high  levels  in  CWR22  tumors  imdergoing  recurrent  growth  in  the  absence  of 
testicular  androgen  (Figure  3).  CDK4  rriRNA  did  not  change  with  castration  and  in  the 
recurrent  CWR22  was  expressed  at  a  level  rimilar  to  that  in  tumors  from  intact  mice. 


Fig.  3 
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Cyclin  A  and  B1  mRNAs  showed  androgen-regulated  changes  (Figure  4)  similar 
to  CDKl  and  2.  Cyclin  A  and  cyclin  B1  mRNAs  decreased  10-fold  after  castration  and 
in  tumors  from  day  6  castrates  with  TP  treatment  for  6  hours,  cyclin  A  and  B 1  mRNAs 
were  increased  above  the  level  of  the  day  6  castrates  and  increased  30-40-fold  after  24-48 
hours  of  TP  treatment.  Cyclin  D1  mRNA  decreased  only  50%  in  the  day  6  castrates  and 
was  restored  rapidly  by  TP  (Figure  4).  Ail  three  cyclin  mRNAs  were  expressed  highly  in 
tumors  that  recurred  in  the  absence  of  testicular  androgen  with  cyclin  D1  showing  highest 
levels  (Figure  4).  mRNA  expression  of  cyclins  E  and  F  also  decreased  after  castration 
(data  not  shown).  24  hour  TP  treatment  of  day  6  castrates  caused  a  slight  increase 
whereas  48  hour  TP  treatment  resulted  in  restoration  of  cyclin  E  and  F  mRNA  to  levels 
seen  in  CWR22  from  intact  animals.  Both  cyclin  mRNAs  were  expressed  in  recurrent 
tumors  at  levels  similar  to  those  from  androgen-dependent  CWR22  Uimors. 


CDK  and  cyclin  protein  expression  Androgen  regulation  of  CDK  and  cyclin 
protein!  was  examined  using  Western  blot  analysis  of  CWR22  tumor  protein  lysates. 
CDKl  (cdc2  p34,  34  kDa)  protein  was  reduced  in  CWR22  tumors  on  days  2  and  6  after 
castration  and  did  not  increase  within  48  hours  after  TP  replacement.  However,  in 
recurrent  CWR22,  CDKl  protein  increased  to  levels  similar  to  those  in  CWR22  tumors 
from  intact  mice  (Figure  5).  CDK2  (34kDa)  was  expressed  in  CWR22  and  recurrent 
CWR22  tumors  at  similar  levels  and  showed  no  change  in  response  to  castration  or 
:itEStDsteiDnediBatrae^JSDK4  (34:kDK)  was"  unchanged  by  castratronurTrETeplacement; 
Cyclins  A  (60  kDa),  B1  (62  kDa),  and  D1  proteins  were  reduced  by  castration  and  TP 
replacement  for  48  h  restored  cyclin  D1  protein  to  levels  similar  to  those  seen  in  CWR22 
tumors  from  intact  mice.  Cyclins  A,  B1  and  D1  proteins  were  expressed  at  similar  or 
higher  levels  in  recurrent  CWR22  as  compared  to  C  WR22  from  intact  mice  (Figure  5). 


Coimmunoprecipitation  of  cycIin/CDK  complexes  in  CWR22  tumors  CDKs  mxist 
interact  with  and  be  activated  by  their ‘Cyclin  partners  as  cells  progress  through  the  cell 
cycle.  Activated  CDKs  phosphorylate  downstream  effectors,  including  Rb,  which  in  its 
hyperphosphorylated  form  induces  cells  to  progress  from  Gi  to  S  (Sidle  et  al,  1996).  To 
determine  the  relationship  between  cyclin/CDK  complexes  and  cell  proliferation  induced 
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by  androgen,  co-immunoprecipitation  studies  utilized  tumors  from  intact,  castrate,  and 
TP  treated  castrate  mice.  A  comparison  was  made  with  CWR22  tumors  that  recurred  5 
months  following  castration.  Tumor  lysates  were  immunoprecipitated  with  cyclin  B1 
antibody  and  immunoblotted  with  CDKl  antibody  (Figure  6A).  Cyclin  Bl/CDKl 
complexes  decreased  after  castration  and  were  3-fold  lower  on  day  6  after  castration.  TP 
treatment  of  6  day  castrates  increased  cyclin  Bl/CDKl  complexes  within  12  hours  to 
levels  somewhat  higher  than  in  CWR22  tumors  from  intact  animals.  Cyclin  Bl/CDKl 
was  abundant  in  recurrent  CWR22  tumors,  similar  to  levels  in  tumors  from  TP-treated 
castrated  mice. 


Fig.  6 


CDKl  kinase  activity  was  determined  by  immune  complex  kinase  assay  using 
histone  HI  substrate  (Figure  6B).  CDKl  kinase  activity  was  decreased  by  70%  in  tumors 
from  mice  6  days  after  castration,  compared  to  tumors  from  intact  mice.  48  hour  TP 
treatment  of  6  day  castrate  mice  restored  CDKl  activity  and  activity  was  increased 
further  in  recurrent  CWR22  tumors. 


Tumor  whole  cell  lysates  were  immunoprecipitated  with  CDK4  antibody  and 
immunoblotted  with  cyclin  D1  antibody  (Figure  6C).  Cyclin  D1/CDK4  complexes 
decreased  following  castration  and  were  not  detected  6  days  after  castration,  increased 
slightly  within  12  hours  of  TP  treatment  of  6  day  castrate  mice  and  were  higher  at  48 
■  hours  than  in  tumors  fr5m  intact  mice.  In  recurrent  CV.Tv22  tumors,  cyclin  D1/CDK4  — 
complexes  were  aboutl  0-fold  higher  than  in  CWR22  tumors  from  intact  mice. 


Rb  phosphorylation  in  CWR22  tumors  Immunoprecipitated  CDK2  was  assayed  for 
kinase  activity  using  Rb  protein  as  substrate  (Figure  7A).  On  day  6  after  castration, 
CDK2  phosphorylation  of  Rb  was  reduced  40%  compared  to  CDK2  activity  in  CWR22 
tumors  from  intact  mice.  48  hour  TP  treatment  of  6  day  castrates  restored  CDK2  activity 
to  the  levels  in  CWR22  tumors  from  intdet  mice.  In  recurrent  CWR22  ttunors,  CDK2 
kinase  activity  with  Rb  was  increased  2.5-f61d  above  levels  in  tumors  from  intact  mice. 
Immunoprecipitated  CDK4  also  phosphorylated  Rb  substrate  but  showed  no  androgen- 
dependent  change  (data  not  shown). 


Fig.  7 


Phosphorylation  of  Rb  by  a  cyciin  Dl/CDK  complex  is  required  for  entrance  of 
cells  into  S  phase  (Chew  et  al,  1998).  Western  immunoblot  analysis  was  also  used  to 
determine  the  phosphorylation  state  of  Rb  in  CWR22  tumors  (Figure  7B).  Androgen- 
stimulated  CWR22  tumors  from  intact  mice  expressed  the  1 10  kDa  hypo-  and  116  kDa 
hyperphosphorylated  forms  of  Rb  and  the  hyperphosphorylated  (upper  band)  form  was 
predominant.  Both  forms  of  Rb  were  reduced  3-fold  on  day  6  after  castration  and  the 
hyperphosphorylated  band  was  increased  nearly  2-fold  48  hours  after  TP  treatment  but 
did  not  return  to  the  level  of  the  intact.  In  recurrent  CWR22  tumors  growing  in  the 
absence  of  testicular  androgen,  hyperphosphorylated  Rb  was  higher  than  in  tumors  from 
intact  mice  and  increased  5-fold  over  the  levels  in  tumors  from  6  day  castrates,  possibly 
reflecting  the  higher  activity  of  cyciin  D1/CDK2/CDK4  in  recurrent  CWR22  tumors. 


DISCUSSION 


Immediately  after  castration  of  CWR22-bearing  mice,  tumor  cells  underwent  a 
brief  period  (1-4  days)  of  apoptosis,  as  measured  by  DNA  laddering  and  TUNEL  assay. 
On  day  6  after  castration,  apoptosis  was  decreased  to  low  levels  similar  to  the  levels  in 
androgen-dependent  CWR22  and  recurrent  CWR22  tumors.  Cellular  proliferation  was 
also  decreased  after  castration  and  reached  a  low  steady-state  level  at  6  days  that  was 
maintained  during  tumor  regression  until  about  120  days  after  castration  when  small  foci 
of  proliferating  cells  appeared.  TP  replacement  in  6-day  castrate  mice  was  followed  by 
increased  cellular  proliferation  of  CWR22  beginning  after  24  to  48  hours.  By  150  days 
after  castration,  tumor  growth  recurred  in  most  xenografts  despite  the  absence  of 
testicular  androgen.  Recurrent  tumor  growth  resulted  from  the  combination  of  a  low  rate 
of  cell  death  and  increased  cell  proliferation.  Clonal  recurrent  growth  of  CaP  cells 
following* androgen  deprivation  of  another  androgen-dependent  prostate  cancer,  the 
LAPC-9  xenograft,  was  described  recently  (Craft  et  al,  1 999),  consistent  with  the  results 
in  the  CWR22  model. 

Thus,  CWR22  tumors  exhibit  the  major  phenotype  of  human  prostate  cancer  and 
are  well  suited  for  studies  on  androgen-dependent  growth  and  the  transition  to  recurrent 
■  growth^  after  androgen  deprivation.  We  have  used  the  CWR22  human  prostate  c^icer 
xenograft  model  to  identify  androgen-regulated  cell  cycle  proteins  that  control  recurrent 
growth  of  human  prostate  cancer  in  the  absence  of  testicular  androgen.  Our  results  in  the 
androgen-dependent  CWR22  after  castration  demonstrated  that  androgen  activation  of 
AR  increased  the  levels  of  mRNAs  for  cyclins  and  CDKs  well  before  there  was  a  major 
increase  in  cellular  proliferation,  and  that  cyclin  B 1  :CDK1  complex  formation  and  cyclin 
D1  protein  expression  were  regulated  acutely  by  androgen.  Active  cyclin/CDK 
complexes  (cyclin  B 1  ;CDK1  and  cyclin  D 1  ;CDK4)  were  present  in  proliferating  CWR22 
tumor  cells  from  intact,  androgen-stimulated  mice  and  castrate  mice  replaced  with  TP. 
Increased  levels  of  cyclimCDK  complexes  (BI:CDK1,  D1:CDK4)  and 


Fig.  8 
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hyperphosphorylated  Rb  were  associated  with  recurrent  tumor  growth  in  the  absence  of 
testicular  androgen. 

The  time  course  of  increases  in  CDKl,  CDK2,  cyclin  A,  and  cyciin  B1  mRNAs 
following  TP  replacement  in  tumors  from  6  day  castrate  mice  suggested  that  they  are 
primary  delayed  response  genes  (Dean  and  Sanders,  1996)  regulated  by  other  factors  in 
addition  to  AR  or  secondary  androgen  response  genes  that  are  not  regulated  directly  by 
AR  but  by  other  androgen  controlled  factors.  CDKl  and  CDK2  mRNA  increased  in  6-12 
hours  after  androgen  replacement  but  required  48  hour  TP  stimulation  to  restore  it  to 
levels  of  CWR22  from  intact  mice.  Cyclin  A  and  B1  mRNAs  were  also  fully  restored 
only  after  48  hour  TP  replacement.  The  decrease  in  CDK  and  cyclin  mRNAs  after 
castration  paralleled  the  decrease  in  cell  proliferation.  Increased  cell  division  occurred  24 
to  48  hours  after  androgen  replacement  in  association  with  further  increases  in  CDKl, 
CDK2,  cyclin  A,  and  B1  mRNAs.  On  the  other  hand,  the  smaller  decrease  in  cyclin  D1 
mRNA'after  castration  was  reversed  within  6  hours  after  androgen  replacement. 

Increased  expression  of  these  cell  cycle  mRNAs  appears  to  be  an  important  event  in 
androgen-regulation  of  cellular  proliferation  in  prostate  cancer  (Figure  8,  pathway  1). 

CDKl,  cyclin  A  and  cyclinBl  proteins  appeared  to  be  androgen-regulated  in  that 
they  decreased  following  castration,  however,  in  contrast  to  their  mRNAs  that  increased 
'^ih^espdnseTo“48‘hour  testosterone  deatmentoTthe  6 'day -^nate;'pToteiiF  levels^'— - 
remained  low.  The  amounts  of  CDK2  and  CDK4  proteins  were  not  aSected  by  androgen 
withdrawal  or  TP  treatment.  Contrary  to  results  in  CWR22,  cyclin  A  protein  levels  were 
responsive  to  androgen  in  LNCaP  cells  (Lu  et  al,  1997).  CDK2  protein  was  reported  to 
be  unaffected  by  androgen  in  LNCaP  cells.  The  cyclin  A:CDK2  complex  is  active  during 
S  phase  of  the  cell  cycle  and  CDK2  activity,  as  measured  by  Rb  phosphorylation,  was 
regulated  by  androgen  in  androgen-dependent  CWR22  while  its  activity  was  elevated  in 
recurrent  CWR22  in  the  absence  of  testicular  androgen. 

Cyclins  and  CDKs  can  be  regulated  by  a  variety  of  mechanisms  including 
synthesis/degradation,  phosphorylation/dephosphorylation  and  cyclin:CDK  complex 
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formation.  Levels  of  the  cyclin  B 1  :CDK1  complex  were  regulated  by  androgen  in 
CWR22  tumors  from  intact  and  castrate  mice.  In  recurrent  CWR22  tumors,  the  complex 
was  abundant  in  the  absence  of  testicular  androgen.  CDKl  is  activated  by 
dephosphorylation  of  Thr*'^  and  Tyr‘^  (Chew  et  al,  1998).  Following  dephosphorylation 
of  CDKl,  active  cyclin  B1  :CDK1  complexes  form  and  remain  active  during  the  G2  to  M 
transition  and  early  M  (Figure  8,  pathway  2). 


Although  CDK4  mRNA  and  protein  levels  showed  little  dependence  on  androgen, 
cyclin  D1  :CDK4  complexes  formation  appeared  androgen-dependent.  However,  the 
striking  further  increase  in  cyclin  D1  :CDK4  complexes  in  the  recurrent  CWR22 
suggested  that  factors  other  than  androgen  influence  either  the  formation  or  stability  of 
these  active  complexes.  Cyclin  D1/CDK4/CDK2  complexes  are  active  during  the  Gi 
phase  of  the  cell  cycle.  D-type  cyclins  bind  and  activate  CDK4/CDK6  and  the  active 
cyclin  D1:CDK4  complex  phosphorylates  Rb  (Resnitzky  et  al,  1994).  Blocking  cyclin 
D 1  protein  by  antisense  RNA  or  immunoneutralizing  antibodies  inhibited  neuronal 
differentiation  and  progression  of  myocytes  through  Gi  (Xiong  et  al,  1997a;  Xiong  et  al, 
1997b),  suggesting  that  cyclin  D1  protein  levels  can  be  rate-limiting  for  cell  cycle 
progression.  Chen  et  al  (Chen  et  al,  1998)  showed  that  over  expression  of  cyclin  D1  in 
LNCaP  cells  increased  the  number  of  cells  in  S-phase,  allowed  the  cells  to  proliferate  in 
the  absence  of  androgen,  and  resulted  in  higher  levels  of  Rb  phosphorylation.  Tumors 
'  fomed  from  thesexells  grew  more  rapidly  and  were  refractory^  to  androgen  deprivation.  - 
Cyclin  Dlwas  shown  previously  to  bind  directly  the  estrogen  receptor  and  to  enhance  its 
activation  in  the  absence  of  estrogen  (Zijsen  et  al,  1997).  Conversely,  cyclin  D1  also  was 
reported  to  complex  with  AR,  but  this  interaction  inhibited  androgen-induced 
transcriptional  activation  of  a  prostate-specific  antigen  (PSA)  reporter  construct 
(Knudsen  et  al,  1999).  Likewise,  cyclin  D1  inhibited  androgen-induced  transcriptional 
activation  of  mouse  mammary  tumor  virus  promoter  (Gregory  and  French,  unpublished 
results). 


The  retinoblastoma  tumor  suppressor  protein  Rb  is  a  principal  target  for  cyclin- 
associated  kinase  activity.  The  function  of  Rb  during  cell  cycle  progression  is  regulated 
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by  phosphorylation.  During  Gi,  Rb  exists  as  an  unphosphorylated  or 
underphosphorylated  form,  but  it  is  highly  phosphorylated  from  late  Gi  to  the  end  of  M. 
Underphosphorylated  Rb  has  a  growth  inhibitory  effect  (Ludlow  et  al,  1993).  Rb 
associates  with  several  proteins  including  pi 07  and  pi 30  and  sequesters  the  E2F  family 
of  transcription  factors  required  for  protein  synthesis,  thereby  inhibiting  S  phase 
progression  (Sidle  et  al,  1996).  Upon  Rb  phosphorylation,  E2F  and  other  proteins  are 
released  and  become  functional  as  transcription  factors.  The  cyclin  D1  :CDK4  complex 
phosphorylates  Rb  and  cyclin  (A  or  E):CDK2  and  cyclin  BLCDKl  complexes  maintain 
Rb  phosphorylation  allowing  cells  to  enter  S  phase  (Scherr,  1996;  Wang  et  al,  1994).  An 
increase  in  Rb  phosphorylation  was  observed  in  ventral  prostates  of  castrated  rats  treated 
with  TP  (Furuya  et  al,  1995;  Chen  et  al,  1996).  Recently,  Knudsen  et  al  demonstrated 
Rb  phosphorylation  is  required  for  LNCaP  cells  to  traverse  the  Gi-S  transition.  Down- 
regulation  of  cyclin  D1:CDK4  activity  and  dephosphorylation  of  Rb  contributed  to  Gi 
arrest  following  androgen  withdrawal  (Knudsen  etal,  1998).  Cyclin  D1 -transfected 
LNCaP'cells  had  higher  CDK4  kinase  activity  and  higher  levels  of  Rb  phosphorylation 
than  mock-transfected  LNCaP  cells  (Chen  et  al,  1998). 

In  CWR22  tumors,  the  amount  of  hyperphosphorylated  Rb  was  reduced  on  day  6 
after  castration,  concomitant  with  loss  of  tumor  ceil  proliferation.  Within  48  hours  after 
TP  replacement  to  6-day  castrates,  Rb  protein  was  increased  in  association  with  increased 
:T:::;cell  proliferatioff.asd'in  the  rapidly  dividingTrecurrent  CWR22:tam:or  celter  ~ 

hyperphosphorylated  Rb  was  further  increased.  Likewise,  cyclin  D 1  ;CDK4  complexes 
were  abundant  in  recurrent  CWR22  tumors  and  CDK4  was  active  in  phosphorylating  Rb 
in  vitro  (data  not  shown).  Increased  expression  of  cyclin  D1  in  recurrent  CWR22  tumors, 
as  detected  by  immunohistochemical  staining,  was  reported  recently  (Agus  et  al,  1999). 
Additionally,  cyclin  BLCDKl  complexes  were  elevated  in  recurrent  tumors  and  likely 
maintained  Rb  phosphorylation.  Continuous  phosphorylation  of  Rb  in  recurrent  tumors 
would  lead  to  a  progressive  loss  of  Rh  function  as  cells  proceed  through  Gi  and  S  phase 
(Harbour  and  Dean,  2000). 
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In  cotransfection  assays,  Rb  was  reported  to  interact  directly  with  AR  and 
increase  its  transcriptional  activity  (Yeh  et  al,  1998).  Loss  of  Rb  inhibited  AR  but  not 
glucocorticoid  receptor  activity  (Lu  and  Danielsen,  1998).  Although  these  in  vitro 
experiments  led  to  the  suggestion  that  loss  of  Rb  activity  during  the  transition  from 
androgen-dependent  to  androgen-independent  growth  of  prostate  cancer  might  result  in 
decreased  androgen  responsiveness,  our  in  vivo  data  suggest  AR  is  active  in  recurrent 
CWR22  CaP  tumors  (Gregory  et  al,  1998)  and  enhances  cellular  proliferation  through 
activation  of  the  receptor  in  the  absence  of  testicular  androgen  (Figure  8,  pathway  3). 

In  conclusion,  recurrent  growth  of  CWR22  tumors  was  associated  with  elevated 
expression  of  AR  and  androgen-regulated  genes  suggesting  that  AR  has  a  role  in 
stimulating  tumor  cell  growth  in  the  absence  of  testicular  androgen  (Gregory  et  al,  1998). 
In  the  CWR22  model,  mRNAs  for  CDKl,  CDK2  and  cyclins  A,  B1  and  D1  were 
androgen  regulated  and  their  expression  increased  in  recurrent  tumors.  Expression  levels 
of  CDKl,  cyclin  A,  B1  and  D1  proteins  in  castrated  mice  were  influenced  by  androgen 
status.  Cyclin  B 1  :CDK1  and  cyclin  D1  :CDK4  complexes  decreased  after  castration  and 
were  restored  by  androgen  replacement  therapy.  Moreover,  these  complexes  were 
expressed  at  high  levels  in  recurrent  tumors.  In  the  androgen-dependent  CWR22  these 
effects  of  androgen  coincided  with  hyperphosphorylation  of  Rb  and  upon  tumor 
recurrence  hyperphosphorylated  Rb  was  increased  together  with  cyclin.’CDK  complexes. 

—  The  results  suggest  that  androgen  activation  of  v\R  stimulates  cell  proliferation  through 
effects  on  multiple  checkpoints  in  the  cell  cycle  (Figure  8).  We  recently  reported  that 
recurrent  CWR22  tumors  and  recurrent  prostate  cancer  cell  lines  express  AR  with 
increased  stability  associated  with  hypersensitivity  to  low  androgen  levels.  In  recurrent 
CWR22,  AR  may  become  reactivated  in  the  presence  of  castrate  levels  of  androgen  and 
act  in  concert  with  other  growth  stimulatory  factors  to  promote  cell  proliferation. 
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FIGURE  LEGENDS 


Figure  1.  DNA  fragmentation  and  TUNEL  analyses  for  apoptosis  in  CWR22 
xenograft  tumors.  (A)  Genomic  DNA  was  prepared  from  frozen  C WR22  tumors  and  3 ' 
end-labeled  with  P-ddATP  and  terminal  deoxynucleotide  transferase.  Labeled  DNAs 
were  resolved  on  2%  agarose  gels  by  electrophoresis.  The  positions  of  DNA  molecular 
mass  markers  (bp-base  pairs)  are  indicated.  (B)  Frozen  sections  of  CWR22  tumors  were 
stained  for  apoptosis  using  the  TdT-mediated  dUTP-X  nick  end-labeling  (TUNEL) 
technique.  Cells  labeled  with  fluoroscein  (green)  are  apoptotic.  0,  CWR22  tumor  from 
intact  mouse;  1-6,  CWR22  tumors  from  mice  castrated  for  1-6  days;  R,  recurrent 
CWR22. 

Figure  2,  Ki-67  immunostaining  of  CWR22  tumors.  Immunostaining  for  the  cell 

proliferation  marker  Ki-67  was  performed  on  paraffin-embedded  sections  of  CWR22 
tumors.  CWR22  tumors  from  intact  mice  (A),  day  6  after  castration  (B),  testosterone 
propionate  (TP)  replacement  of  6  day  castrates  (1.0  mg/mouse)  for  6  hours  (C),  12  hours 
(D),  24  hours  (E),  48  hours  (F),  day  120  after  castration  (G),  and  recurrent  CWR22 
tumors  (H).  Numbers  indicate  the  percent  of  Ki-67  positive  cells  ±  SE. 

Figures.  RNase  protection  assay  for  CDKl,  CDK2  and  CDK4  mRNA 
expression  in  CWR22  tumors.  RNase  protection  was  performed  with  10  pg  RNA  from 
GWR22  tumors  from  intact  mice,  castrates,  castrates  +  TP,  and  150  day  castrates  bearing 
recurrent  tumors  using  the  hCC-1  human  multi-probe  template  set  (Pharmingen). 
Glyceraldehyde-3 -phosphate  dehydrogenase  (GAPDH)  was  included  as  a  loading 
control.  CX,  castrate;  TP,  testosterone  propionate.  Densitometry  of  protected  bands  was 
performed  and  plotted  for  CDKl  and  CDK2.  Results  are  representative  of  three 
independent  experiments.  Bar,  SE. 

Figure  4.  RNase  protection  assay  for  cyclin  A,  B1  and  D1  mRNA  expression  in 
CWR22  tumors.  RNase  protection  was  performed  with  10  pg  RNA  from  CWR22 
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tumors  from  intact  mice,  castrates,  castrates  +  TP,  and  150  day  castrates  (recurrent)  using 
the  hCyc-1  human  multi-probe  template  set  (Pharmingen).  GAPDH  was  included  as  a 
loading  control.  CX,  castrate;  TP,  testosterone  propionate.  Densitometry  of  protected 
bands  was  performed  and  plotted  for  CDKl  and  CDK2.  Results  are  representative  of 
three  independent  experiments.  Bar,  SE. 

Figure  5.  Western  immunoblot  analysis  of  CDK  and  cyclin  proteins  in  CWR22 
tumors.  Tumor  lysates  were  subjected  to  Western  blot  analysis.  CDK  1,  cyclin  A, 
cyclin  B1  and  cyclin  D1  protein  decreased  on  days  2  and  6  after  castration  (CX).  CDK2, 
CDK4  proteins  were  not  changed  by  castration.  All  proteins  were  expressed  at  similar  or 
higher  levels  in  recurrent  CWR22.  tumors  as  compared  to  CWR22  from  intact  mice. 

Figure  6  Co-immunoprecipitation  of  CDKl/cyclin  B1  and  CDK4/cyclin  D1 
complexes  and  immune  complex  kinase  assay  of  CDKl.  CWR22  tumor  lysates  were 
subjected  to  immunoprecipitation  with  agarose-conjugated  cyclin  Bl,  CDKl  and  CDK4 
antibodies.  (A)  Lysates  immunoprecipitated  with  cyclin  Bl  antibody  and  immunoblotted 
with  CDKl  antibody.  (B)  Lysates  immimoprecipitated  with  agarose-conjugated  CDKl 
antibody  followed  by  kinase  assay  with  histone  HI  substrate.  (C)  Lysates 
immunoprecipitated  Avith  CDK4  and  immunoblotted  with  cyclin  D1  antibody.  The 
positions  of  molecular  mass  markers  (kDa)  are  indicated.  CX,  castrate;  TP,  testosterone 

Figure  7  Rb  phosphorylation  in  CWR22  tumors.  (A)  CDK2  immunoprecipitates 
were  used  for  kinase  assay  with  a  46  kDa  Rb  fusion  protein  substrate.  Band  intensities 
were  measured  by  densitometry  of  autoradiographs  and  the  level  in  C  WR22  tumors  from 
intact  mice  was  designated  as  1 .0.  (B)  Tumor  lysates  were  subjected  to  Western  blot 
analysis  with  a  monoclonal  Rb  antibody.  Hypo-  (lower  band)  and  hyperphosphorylated 
Rb  protein  (upper  band)  of  1 10-1 12  kDa  was  present  in  lysates  of  androgen-stimulated 
CWR22  tumors  from  intact  mice.  Rb  phosphorylation  and  expression  was  decreased  on 
day  6  after  castration.  TP  replacement  for  48  h  increased  the  level  of 
hyperphosphorylated  Rb.  Hyperphosphorylated  Rb  protein  in  recurrent  CWR22  tumors 
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was  higher  than  levels  in  intact  CWR22.  The  position  of  the  molecular  mass  marker 
(kDa)  is  indicated. 

Figure  8  Pathways  by  which  androgen  receptor  (AR)  may  induce  cellular 
proliferation  in  the  presence  and  absence  of  testicular  androgen.  AR  is  activated  by 
DHT  in  androgen-dependent  prostate  cancer  and  may  be  activated  by  an  alternate 
signaling  pathway  in  recurrent  prostate  cancer.  AR  may  induce  cellular  proliferation  by: 
1)  direct  or  secondary  regulation  of  mRNAs  for  CDKs  and  cyclins;  2)  posttranslational 
modifications  of  CDKs  and  cyclins  resulting  in  activation  (phosphorylation  or 
dephosphorylation);  or  3)  direct  interaction  with  cyclin  D1  and  Rb  proteins. 
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